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Summary 

 

In vitro production of embryos (IVP) is a reproductive biotechnology widely used to 

increase the number of offspring from superior phenotypes, to treat infertility problems and also 

to address fundamental questions about metabolic pathways that modulate early embryonic 

development. However, IVP is a multifactorial process depending on extrinsic and intrinsic 

factors, at both cellular and molecular levels, to increase its efficiency. Still today the IVP 

procedure has limitations, considering that not all oocytes have the ability to reach the blastocyst. 

Although a successful in vitro maturation (IVM) involves a nuclear, cytoplasmic and molecular 

maturation, necessary for fertilization and further embryo development, the blastocyst rate do 

not overcome 30-40% in bovine. Thus, alteration in the dynamics of early embryo development, 

which coincides with the switch from maternal control to embryonic genome activation (EGA) on 

Day 4 post fertilization, may be partially responsible for reduced embryo yield. Furthermore, it 

has been suggested that apart from the origin of the oocyte, the increase in reactive oxygen 

species (ROS) and the culture environment affecting EGA, there is also a complex network of 

signaling pathways responsible for cell division and differentiation and other events necessary 

for embryonic development, such as MAPK and PI3K/AKT. 

 

In this context, to improve developmental rates and the quality of produced blastocysts, 

several studies have probed the addition of different types of natural antioxidants to the culture 

media. However, it is not yet clear which antioxidant is the most effective in supporting the 

development and quality of bovine embryos without altering the activation of signaling pathways 

or the EGA. Recently, an antioxidant identified from citrus peel called nobiletin has attracted more 

attention as it is easily absorbed through cytoplasmic membranes due to its structure and 

lipophilic nature, while has a wide spectrum of biological activities including antioxidant 

functions and cell cycle regulation. 

 

Therefore, the objective of the first experiment of this doctoral thesis was to evaluate the 

antioxidant role of nobiletin during IVM on matured bovine oocyte quality and their 

developmental competence, as well as quantitative changes on gene expression in oocytes, their 

cumulus cells and resulting blastocysts. The results revealed that 25 and 50 µM nobiletin 

supplementation increased the percentage of oocytes reaching metaphase II, as well as cleavage 

rate and cumulative blastocyst yield on Days 7 and 8. Also, oocytes matured with 25 and 50 µM 

nobiletin showed a higher rate of cortical granules migration and mitochondrial activity and a 

reduction in ROS and glutathione (GSH) levels. This was linked to a modulation in the expression 

of CYP51A1, GJA1, BCL2, BMP15, MAPK1, SOD2 and CLIC1 genes. Thus, we concluded that nobiletin 
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offers a novel alternative for counteracting the effects of the increase in ROS production during 

IVM, improves oocyte nuclear and cytoplasmic maturation, and subsequent embryo development 

and quality in cattle. 

 

Based on these positive results of nobiletin during IVM and with evidence in cell line 

studies shown that nobiletin interact with several signalling pathways (ERK, PI3K/AKT, CREB) to 

promote survival, in the second experiment of this doctoral thesis we aimed to evaluate whether 

nobiletin supplementation during the minor (2-8 cell stage; MNEGA) or major (8-16 cell stage; 

MJEGA) phase of EGA improves embryonic development and blastocyst quality and if it affects 

PI3K/AKT signaling pathway. The results revealed that 5 and 10 µM nobiletin increased the 

cumulative blastocyst yield on Day 7 and 8 and their mitochondrial activity, irrespective of EGA 

phase. Besides, mRNA abundance of CDK2, H3-3B, H3-3A, GPX1, NFE2L2 and PPARα transcripts 

were increased in 8-cells, 16-cells and blastocysts produced with nobiletin supplementation 

during MNEGA and MJEGA, and the immunofluorescence analysis revealed immunoreactive 

proteins for p-AKT forms (Thr308 and Ser473) in bovine blastocysts. Therefore, we concluded 

that nobiletin supplementation during EGA has a positive effect on preimplantation bovine 

embryonic development in vitro and corroborates with the quality improvement of produced 

blastocysts, which could be modulated by the activation of AKT signaling pathway.  

 

In view of the results related with the immunoreactive proteins for p-AKT forms (Thr308 

and Ser473) in bovine blastocysts, in the third experiment of this doctoral thesis we aimed to 

establish whether, when the AKT cascade is inhibited using inhibitors III or IV, nobiletin 

supplementation to the in vitro culture (IVC) media during the MNEGA or MJEGA phase is able to 

modulate the development and quality of bovine embryos. The results showed that inhibition of 

AKT signaling pathway in early bovine embryos reduced their developmental capacity. However, 

nobiletin supplementation to the in vitro embryo culture medium during the two main phases of 

EGA recovered the adverse effects of AKT signaling inhibition on embryo developmental 

competence and their quality by increasing blastocysts cell number and modulating the 

expression of CDX2, GPX1, NFE2L2, POU5F1, and FOSL1 transcripts in early-stage embryos. 

Besides, the rpS6 phosphorylation level on 8-cell (MNEGA) and 16-cell (MJEGA) stage embryos was 

significantly lower in both AKT inhibitor treatments. Nevertheless, nobiletin was able to partially 

recover this adverse effect showing significantly higher rpS6 phosphorylation level. In 

conclusion, nobiletin supplementation in presence of AKT inhibitors counteracts their adverse 

effects on developmental competence and embryo quality by increasing the total, trophectoderm 

(TE) and inner cell mass (ICM) cells and modifies the relative abundance of keys genes linked to 

cell proliferation and differentiation. Moreover, increase of rpS6 phosphorylation level by 
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nobiletin, whether or not AKT inhibitors were present, indicates that nobiletin probably uses 

another signaling system besides PI3K/AKT pathway during early embryo development in 

bovine.  

 

This research investigated for the first time the effect of nobiletin supplementation, a 

natural antioxidant, during IVM and specific phases of IVC related with EGA on bovine embryo 

development and quality, as well as its possible interaction with the AKT signaling pathway. The 

benefits of nobiletin found can be attributed to its bioactivity, chemical structure, and antioxidant 

properties, and might be a tool to overcome ROS disorders in bovine IVP embryos and 

furthermore to improve assisted reproductive technologies in mammals. Nevertheless, future 

studies are necessary to establish the specific receptors and pathways that nobiletin modulates 

during in vitro embryonic development. 
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Resumen 

 

La producción in vitro de embriones (IVP) es una biotecnología reproductiva 

ampliamente utilizada para aumentar el número de descendientes de fenotipos superiores, para 

tratar problemas de infertilidad y también para abordar preguntas fundamentales sobre las vías 

metabólicas que modulan el desarrollo embrionario temprano. Sin embargo, la IVP es un proceso 

multifactorial que depende de factores extrínsecos e intrínsecos, tanto a nivel celular como 

molecular, para aumentar su eficacia. Aún hoy, la IVP tiene limitaciones, considerando que no 

todos los ovocitos tienen la capacidad de llegar a la etapa de blastocisto. Aunque una maduración 

in vitro (IVM) exitosa implica una maduración nuclear, citoplasmática y molecular, necesaria para 

la fecundación y el desarrollo posterior del embrión, la tasa de blastocistos no supera el 30-40% 

en bovinos. Por lo tanto, la alteración en la dinámica del desarrollo embrionario temprano, que 

coincide con el cambio del control materno a la activación del genoma embrionario (EGA) en el 

día 4 posterior a la fecundación, puede ser parcialmente responsable de la reducción del 

rendimiento embrionario. Se ha sugerido que además del origen del ovocito, el aumento de 

especies reactivas de oxígeno (ROS) y el ambiente de cultivo que afecta a EGA, existe una compleja 

red de vías de señalización responsables de la división y diferenciación celular y otros eventos 

necesarios para el desarrollo embrionario, como las cascadas genéticas MAPK y PI3K/AKT. 

 

En este contexto, para mejorar las tasas de desarrollo y la calidad de los blastocistos 

producidos, varios estudios han investigado la suplementación de diferentes tipos de 

antioxidantes naturales a los medios de cultivo. Sin embargo, aún no está claro qué antioxidante 

es el más eficaz para apoyar el desarrollo y la calidad de los embriones bovinos sin alterar la 

activación de las vías de señalización o la EGA. Recientemente, un antioxidante identificado a 

partir de la cáscara de los cítricos llamado nobiletina ha atraído más atención ya que se absorbe 

fácilmente a través de las membranas citoplasmáticas debido a su estructura y naturaleza 

lipofílica, y tiene un amplio espectro de actividades biológicas que incluyen funciones 

antioxidantes y regulación del ciclo celular. 

 

Por lo tanto, el objetivo del primer experimento de esta tesis doctoral fue evaluar el papel 

antioxidante de la nobiletina durante la IVM en la calidad de los ovocitos bovinos madurados y su 

competencia para desarrollarse, así como los cambios cuantitativos de la expresión génica en los 

ovocitos, las células del cúmulo que lo rodean y los blastocistos resultantes. Los resultados 

revelaron que la suplementación con 25 y 50 µM de nobiletina, aumentó el porcentaje de ovocitos 

que alcanzaron la metafase II, así como la tasa de división y el rendimiento acumulativo de los 

blastocistos en los días 7 y 8. Además, los ovocitos madurados con 25 y 50 µM de nobiletina 
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mostraron una mayor tasa de migración de gránulos corticales, un incremento de la actividad 

mitocondrial y una reducción en los niveles de ROS y GSH. Esto se relacionó también con una 

modulación en la expresión de los genes CYP51A1, GJA1, BCL2, BMP15, MAPK1, SOD2 y CLIC1. Por 

lo tanto, concluimos que la nobiletina ofrece una alternativa novedosa para contrarrestar los 

efectos del aumento de la producción de ROS durante la IVM, y mejorar la maduración nuclear y 

citoplasmática de los ovocitos y el posterior desarrollo y calidad embrionaria en el bovino. 

 

Basándonos en el efecto positivo de la nobiletina durante la IVM y en estudios con líneas 

celulares que evidencian que la nobiletina interactúa con varias vías de señalización (ERK, 

PI3K/AKT, CREB) para promover la supervivencia; en el segundo experimento de esta tesis 

doctoral nos propusimos evaluar si la suplementación con nobiletina durante la fase menor 

(estadio de células 2-8; MNEGA) o mayor (estadio de células 8-16; MJEGA) de EGA mejora el 

desarrollo embrionario y la calidad del blastocisto y si afecta la vía de señalización PI3K/AKT. Los 

resultados revelaron que concentraciones de 5 y 10 µM de nobiletina aumentaban el rendimiento 

acumulativo de blastocistos en los días 7 y 8 y su actividad mitocondrial, independientemente de 

la fase de EGA analizada. Además, la abundancia de ARNm de los transcritos de CDK2, H3-3B, H3-

3A, GPX1, NFE2L2 y PPARα se incrementó en los estadios de 8, 16 células y blastocistos producidos 

con la adición de nobiletina durante la MNEGA y MJEGA, y el análisis de inmunofluorescencia reveló 

proteínas inmunorreactivas para la forma p-AKT (Thr308 y Ser473) en los blastocistos bovinos. 

Por lo tanto, concluimos que la suplementación con nobiletina durante la EGA tiene un efecto 

positivo en el desarrollo embrionario bovino preimplantacional in vitro, corroborado con la 

mejora de la calidad de los blastocistos producidos, y podría ser modulada por la activación de la 

vía de señalización AKT. 

 

Con la importancia de las proteínas inmunorreactivas para las formas de p-AKT (Thr308 

y Ser473) en los blastocistos bovinos, en el tercer experimento de esta tesis doctoral nos 

propusimos establecer si, tras la inhibición de la cascada de AKT mediante los inhibidores III o 

IV; la suplementación con nobiletina al medio IVC durante la fase MNEGA o MJEGA es capaz de 

modular el desarrollo y la calidad de los embriones bovinos. Los resultados revelaron que la 

inhibición de la vía de señalización de AKT en embriones bovinos tempranos reducía su capacidad 

de desarrollo. Sin embargo, la suplementación con nobiletina en el medio de cultivo de embriones 

in vitro durante las dos fases principales de EGA recuperó los efectos adversos de la inhibición de 

la señalización de AKT sobre el desarrollo embrionario y su calidad al aumentar el número de 

células de los blastocistos y modular la expresión de CDX2, GPX1, NFE2L2, POU5F1 y FOSL1 en 

embriones tempranos. Además, el nivel de fosforilación de rpS6 en los embriones en etapa de 8 

células (MNEGA) y 16 células (MJEGA) fue significativamente menor en ambos tratamientos con 
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inhibidores de AKT. Sin embargo, la nobiletina fue capaz de recuperar parcialmente este efecto 

adverso mostrando un nivel de fosforilación de rpS6 significativamente mayor. En conclusión, la 

suplementación con nobiletina en presencia de inhibidores de AKT contrarresta sus efectos 

adversos sobre la capacidad de desarrollo y la calidad del embrión al aumentar el número de 

células totales, del trofectodermo (TE) y de la masa celular interna (ICM) y modifica la abundancia 

relativa de genes cruciales para la proliferación y diferenciación celular. Además, el aumento de 

la nobiletina en el nivel de fosforilación de rpS6, en presencia o ausencia de inhibidores de AKT, 

indica que la nobiletina probablemente usa otra ruta de señalización además de la vía PI3K/AKT 

durante el desarrollo embrionario temprano en bovinos. 

 

Este es el primer estudio que ha investigado el efecto de la suplementación con nobiletina, 

un antioxidante natural, durante la IVM y las fases específicas del IVC relacionadas con la EGA 

sobre el desarrollo y la calidad del embrión bovino, así como su posible interacción con la vía de 

señalización de AKT. Los efectos beneficiosos demostrados de la nobiletina, se pueden atribuir a 

su bioactividad, estructura química y propiedades antioxidantes, y podrían ser una herramienta 

para superar los trastornos de ROS en los embriones bovinos IVP y mejorar las tecnologías de 

reproducción asistida en mamíferos. Sin embargo, son necesarios estudios futuros para 

establecer los receptores específicos y las cascadas genéticas que la nobiletina modula durante el 

desarrollo embrionario in vitro. 

 

 





 

1 
 

 



 

 
 



 

 
 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

INTRODUCTION  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

5 
 

 



Introduction 
 

1 
 

1. PREIMPLANTATION EMBRYO DEVELOPMENT 

1.1. Periconception environment in vivo 

The generation of mature oocyte includes primordial follicle recruitment, 

granulosa/theca cell proliferation, oocyte maturation and ovulation. Since birth, follicular growth 

occurs in a wave-like pattern: recruitment, selection, dominance and atresia (Driancourt, 2001). 

In cattle, during oogenesis, which is a process that leads to the formation of the oocyte (Fair, 

2003), oogonia undergoes mitotic divisions until it stops at the diplotene stage of prophase I (the 

germinal vesicle stage (GV)) (Picton et al., 1998), and all the process takes place within structures 

known as follicles, which are localized in the ovarian cortex. As the oocyte progresses through 

oogenesis within the follicle, the shape of the granulosa cells (GCs) change, increase and 

proliferate until finish forming a tertiary follicle, also called antral follicle that consists of three 

distinct layers (theca externa at the periphery of the follicle, theca interna and mural granulosa 

cell layer), a cavity (antrum) filled with follicular fluid and the oocyte which lies within it 

surrounded by the GCs (Fair, 2003). The bovine oocyte reaches its full size when the follicle 

enclosing it reaches a diameter of approximately 3 mm (Fair et al., 1995). Follicular growth takes 

place in follicular waves (Ireland, 1987; Roche, 1996), each one starting with the recruitment of 

a cohort of follicles followed by a process of selection, dominance and atresia (Driancourt, 2001) 

and is regulated by the interaction of gonadotropins from the pituitary gland (i.e. follicle 

stimulating hormone (FSH) and luteinizing hormone (LH)) and proteins/peptides from the 

ovaries (Figure 1).  

Oocyte maturation is elicited by the LH peak and stage ends once the maximum size in the 

follicle is reached, just a few hours before ovulation, at which time the stimulation by LH allows 

the oocyte to resume meiosis and the rupture of the germinal vesicle (GV), known as germinal 

vesicle breakdown (GVBD), takes place (Picton et al., 1998; Smith, 2001).  

 

Figure 1. Summary of the main stages of folliculogenesis. Folliculogenesis begins with the activation of the 
primordial follicles that are subsequently recruited to become primary follicles. GCs proliferate and form 
several layers around the oocyte. From this stage, a layer of theca cells surrounds the follicle, and it begin 
to produce androgens, which convert to estrogens in GCs. The early stages of follicular growth to secondary 
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are independent of gonadotropins, but the progression beyond this stage is strictly dependent on FSH 
stimulation. Ovulation eventually occurs, triggered by a LH preovulatory spike. Adapted from Driancourt, 
2001. 

 

Oocyte maturation involves: (i) nuclear maturation, characterized by chromosome 

condensation and expulsion of the first polar body, which is vital to generate a competent oocyte 

(Palma et al., 2012); (ii) cytoplasmic maturation that involves cytoskeleton dynamics and 

rearrangement, organelles redistribution, cortical granules (CGs) migration to the periphery of 

the oocyte (they will contribute to the block of polyspermy after fertilization) (Figure 2) and (iii) 

molecular maturation that consists of the transcription and processing of maternal mRNA which 

is stored in a stable inactive form until translational recruitment, necessary for subsequent 

development (during the development of the early embryo) (Ferreira et al., 2009); moreover the 

proteins derived from these mRNAs are involved in maturation, fertilization, pronuclear 

formation and early embryogenesis. 

 

Figure 2. Schematic overview of the distribution of cytoplasmic organelles during maturation and 
fertilization. Figure adapted from Ferreira et al., 2009 and created with BioRender.com 

 

 

The regulation of the cyclic Adenosine Monophosphate (cAMP) levels is crucial for the 

control of the meiotic cycle, as several studies have shown high levels of cAMP in the ooplasm 

inhibit the progression of meiosis, while low levels activate it (Sirard et al., 1998; Webb et al., 

2002). This regulation is controlled by: Gap junctions, through which GCs transfer cAMP to 
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ooplasm; the internal production of cAMP in ooplasm, which transforms Adenosine Triphosphate 

(ATP) into cAMP, and the activation of phosphodiesterase (PDE) that inactivates the cAMP 

dependent Protein kinase A (PKA), one of the main regulatory proteins of the maturation 

promoting factor (MPF) cascade (Kalinowski et al., 2004). Normally, it is assumed that the 

decrease in cAMP is caused by the preovulatory LH surge, which modulates the closure of the gap 

junctions. This event has been related to the phosphorylation of Connexin 43 (Cx43) by a 

PhosphatidylInositol‐3‐Kinase (PI3K), which leads to the closure of the communication of the gap 

junction complex, and therefore decreases the supply of cAMP (Sun & Nagai, 2003). It has been 

postulated that the phosphorylation of MPF is what finally triggers the restart of the meiotic cycle. 

MPF consists of a catalytic subunit the cyclin-dependent kinase 1 (CDK1), and a regulatory 

subunit Cyclin B (CYCB) (Adhikari & Liu, 2014). The oocyte accumulates the CDK1 and CYCB 

subunits during folliculogenesis in the form of a pre-MPF complex. For meiosis to resume, the 

pre-MPF complex is activated synchronously with the GVBD. For this, CDK1 must be 

dephosphorylated to allow CYB binding and form the active MPF (Adhikari & Liu, 2014). This will 

lead to the disintegration of the nuclear membrane in the GVBD, the condensation of 

chromosomes and the appearance of microtubules within the nuclear zone to form the metaphase 

plate, a characteristic sign of meiosis resumption. Finally, nuclear maturation must end with the 

migration of the metaphase plate to the periphery of the oocyte and the expulsion of a set of 

chromosomes in the form of a polar body, generating an oocyte with a set of haploid 

chromosomes ready to be fertilized (Sathananthan et al., 2006)(Figure 3).  

 
Figure 3. Signaling pathways to trigger the restart of meiosis in oocytes. (A). Signaling that maintains high 
amounts of cAMP to keep the oocyte in meiotic arrest. (B). Meiosis activation pathways that decrease the 
amount of cAMP. The red lines represent inhibition and the black lines activation. Proteins in green 
represent activated proteins and proteins in red inhibited in the classic activation pathway for the restart 
of meiosis. Gs-linked receptor (GPR3) activated, stimulates adenylyl cyclase (AC) to cause an elevation of 
cAMP and activates protein kinase A (PKA), which causes the cell cycle regulatory complex, CDK1/cyclin B 
(CYB), to be phosphorylated and thereby inactivated. Figure modified from Mehlmann, 2005 and created 
with BioRender.com 
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Other important parameters of oocyte maturation quality are CGs migration to the 

periphery of the oocyte, that contributes to the block of polyspermy after fertilization, and the 

secretion of hyaluronic acid (HA) by cumulus cells (CCs), which causes the spaces between the 

CCs to enlarge and allows the embedding of granulose cells in a sticky, mucified matrix (Eppig, 

2001), a process denominated cumulus expansion. After the onset of the LH surge, ovulation takes 

place, and the now-matured oocyte (arrested in metaphase II (M-II)) is released along with its 

surrounding cells (CCs), and the fimbria of the infundibulum allows the passage of the cumulus-

oocyte complex (COC) into the oviduct.  

After copulation, the spermatozoa suffer a sequence of biochemical changes leading to 

destabilization of the cell membrane, enabling the acrosome reaction in response to contact with 

the zona pellucida (ZP). These biochemical changes are called capacitation, it starts with removal 

of seminal plasma proteins by glycosaminoglycans present in the uterus and finishes in a 

characteristic increase in sperm motility called hyperactivation. During natural mating, semen is 

deposited in the anterior vagina and travels through the cervix and the uterus to the site of 

fertilization in the oviduct. During its transit through the female tract, complex mechanisms will 

influence sperm transport, immunological tolerance to sperm and sperm selection (Machaty et 

al., 2012). To achieve successful fertilization, the male gamete needs to be capacitated while the 

female gamete must be matured. For fertilization to take place, firstly, the sperm must penetrate 

through the CCs to reach the ZP. The sperm binds to the ZP and this interaction elicits the 

acrosome reaction (which involves the fusion and extensive vesiculation of sperm plasma and 

outer acrosomal membranes) (Bleil & Wassarman, 1983). Once the sperm is in the perivitelline 

space, the sperm and oocyte membranes fuse. Following fusion of sperm and oocyte, the CGs in 

the oocyte release their contents into the perivitelline space (cortical reaction), causing the ZP to 

become refractory to sperm binding (Sun & Nagai, 2003), thus contributing to the block of 

polyspermy. The sperm penetration elicits meiotic resumption in the oocyte (which was arrested 

in M-II) followed by the extrusion of the second polar body.  

Finally, the male and female pronuclei fuse in a process termed syngamy resulting in 

zygote formation. After fertilization, the zygote starts to divide in a series of mitotic divisions 

without prior cell growth, giving rise to the embryonic cells, termed blastomeres. The first 

cleavage takes place around 20h after the estimated time of ovulation (Lonergan et al., 1999) and 

embryo cleavages are supported by the mRNA and proteins stored in the oocyte during oogenesis 

(Memili & First, 2000). Studies indicate that a change from maternal to embryonic control occurs 

during early embryonic development, in a process called embryonic genome activation (EGA) 

(Gad et al., 2012; Graf et al., 2014). At the start of early embryogenesis, all mRNAs and proteins 

are of maternal origin and as development progresses, these reserves gradually degrade while 
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embryonic transcripts are synthesized (Tadros & Lipshitz, 2009). The EGA occurs in distinct 

waves, which are species-specific, in the bovine embryo is characterized by two different forms: 

(i) minor EGA (MNEGA) (2-cell to 8-cell stage) where zygotes and early embryos are 

transcriptionally and translationally active; (ii) major EGA (MJEGA) (8- cell to 16-cells stage) 

which includes a gradual degradation of mRNA molecules of maternal origin, and activation of 

transcription of embryonic genome, together with a change in the protein synthesis, and these 

events are key factors for successful embryonic development and differentiation (Gad et al., 2012) 

(Figure 4). 

 

Figure 4. Development phases of bovine embryo. Cleavage, compact morula stage and differentiation into 
TE and ICM at the blastocyst stage. Embryonic gene expression and embryonic protein synthesis depends 
mainly on the maternal transcripts (mRNA and proteins) stored in the oocyte. MNEGA occurs between the 
2-8-cell stage and MJEGA starts at the 8-cell stage. Figure adapted and modified from Badr et al., 2007; 
Memili & First, 2000 and created with BioRender.com 
 

Bovine embryo remains in the oviduct until the 16-cell stage (Day 4 of pregnancy) where 

the described key events (the first cleavages and EGA) take place and then it enters the uterus 

where compaction of the morula occurs (begins at the 32-cell stage), blastocyst formation (64 - 

to 128- cell stage) and elongation (Hackett et al., 1993; Van Soom et al., 1992). During the morula 

stage, two distinct cellular populations begin to separate: the inner and the outer cells. Because 

of the nature of the tight junctions (outer cells) and the gap junctions (inner cells) that allows the 

establishment of an intercellular communication, the embryo forms two different cell populations 

known as TE (outer cells) and ICM. ICM is defined as a group of cells located eccentrically within 

the compact morula/blastocyst which, after further differentiation, gives rise to the fetus (Van 

Soom et al., 1997), while the outer cells possess apical tight junctions which play part in the 

formation of the blastocoel (cavity filled with fluid) and furthermore give rise to the placental 

membranes. This compaction in the morula is an important morphogenetic event of development 
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increasing cell-to-cell contact between blastomeres where adherent’s junctions composed of 

cadherins are essential (Watson & Barcroft, 2001).  

A blastocyst contains between 64 - 128 cells and it is still surrounded by the ZP (Fleming 

et al., 2000; Lonergan et al., 2016). The entrance of fluid into the blastocoel elicits blastocyst 

expansion, with the embryo occupying all the perivitelline space. An expanded blastocyst 

contains about 160 cells. On Days 9-11 post-fertilization, the ZP begins to fragment and the 

blastocyst ‘hatches’ due to mechanical forces exerted by blastocyst expansion and the production 

of proteolytic enzymes by the trophoblast (Wolf et al., 2003). In this stage, the blastocyst develops 

into an ovoid form and then elongates to form a filamentous conceptus on Day 16-17, during 

which time it secretes increasing quantities of interferon tau for maternal pregnancy recognition 

and occupies the entire length of the uterine horn (Clemente et al., 2009; Hue et al., 2012). During 

conceptus elongation, the progesterone (P4) synthesized by the corpus luteum (CL) acts indirectly 

via the endometrium to stimulate embryonic growth (Clemente et al., 2009). After Day 19, the 

elongated conceptus begins implantation and attachment of the TE to the endometrial luminal 

epithelium (Guillomot, 1995). 

1.2. Components and signaling pathways important in maturation and embryonic 

development 

During oocyte maturation and early embryo development several signaling pathways are 

involved in the complex developmental processes related with assorted biological actions such 

as cell division, growth, differentiation, migration and expression of specific genes related to cell 

polarity and differentiation of the outer cells of the early embryo. These pathways include 

mitogen-activated protein kinase (MAPK), PI3K/AKT, bone morphogenetic proteins (BMPs), 

signal transducer and activator of transcription (STAT) and Janus-activated-kinase (JAK) (Gad et 

al., 2012; Zhang et al., 2007) (Figure 5). 

1.2.1. Role of the MAPK pathway during oocyte maturation and embryonic development 

For all these phases to develop, it is important to know which are the main signaling 

cascades during the restart of meiosis that help trigger and regulate oocyte maturation and 

embryo developmental process, one of them being the MAPK pathway. In oocytes, one of the first 

events associated with the stimulation of the LH and FSH receptors is precisely the activation of 

the MAPK cascade (Sela-Abramovich et al., 2005). MAPK pathway transmits extracellular signals 

to intracellular targets and mediates several cellular processes including cell proliferation, 

growth and differentiation (Plotnikov et al., 2011). Interestingly, studies of oocyte proteome at 

different stages revealed that the MAPK pathway is the most expressed during M-II, where it is 
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believed to exert an important regulation to give the second meiotic arrest (Wang et al., 2010). 

During oocyte maturation, MAPK activates the Mos protein that plays a key regulatory role of the 

cell cycle during meiosis and is necessary for the activation of the MPF (Zhang & Liu, 2002). 

Preimplantation embryos use a MAPK pathway to relay signals from external environment in 

order to prepare appropriate responses and adaptations to a changing milieu. p38 MAPK in the 

early embryo is a regulator of filamentous actin in the 8-cell stage embryo and is an important 

regulator of compaction and development of the embryo (Natale et al., 2004).  

  

Figure 5. Stage-specific expression of several signal-transduction pathways in the preimplantation 
development of the mammalian embryo. Red, mitogen-activated protein kinase (MAPK); blue, 
phosphatidylinositol 3-kinase (PI3K); green, JAK-STAT signaling pathway (Zhang et al., 2007). Figure 
created with BioRender.com 

 

Also, extracellular signal-regulated protein kinases 1 and 2 (ERK1/2), which represent 

one of the best characterized proteins within MAPK signaling, play an important role in signaling 

cascades that lead to the acquisition of nuclear competence by binding directly to DNA and acting 

as transcriptional repressors of several cytokine-induced genes (Plotnikov et al., 2011). The 

substrates of ERK 1/2 pathway are localized in several cellular compartments, cytoplasmic 

organelles, membranes and nuclear proteins and those that participate in the regulation of 

steroidogenesis, in the survival and proliferation of GCs, in the restart of meiosis and microtubule 

dynamics (Sasseville et al., 2010). In adherent junctions, sites of cell-cell and cell-matrix contact, 

ERK1/2 activation induces the translocation to the nucleus where it accesses nuclear 

transcription factors and proteins that are then phosphorylated to bring relevant changes in gene 



Introduction 
 

8 
 

expression (Raman et al., 2007). ERK pathway can link G0/G1 mitogenic signals by association 

with cyclin-dependent kinases (E, A and Cdk2). Cdks are activated by Cdc25 phosphatases that 

are directly phosphorylated and activated by the c-Raf-1 kinase. Ras/Raf signaling is involved in 

the induction of c-myc expression, which is a DNA binding protein that control expression of 

genes for cell proliferation (Zhang & Liu, 2002). Activation of ERK1/2 requires phosphorylation 

of threonine and tyrosine residues that is carried out by the upstream activator kinase, and their 

stimulation change the localization of transcription regulators and cytoskeletal proteins 

(Sasseville et al., 2010).  

1.2.2. Role of the PI3K pathway during oocyte maturation and embryonic development 

The PI3K signaling pathway consists of several molecules, including kinases, 

phosphatases and transcription factors that are fundamental in processes such as cell 

proliferation, survival, migration and metabolism (Plotnikov et al., 2011). The PI3Ks are activated 

through binding of Src homology (SH2) domain in the adaptor subunit to autophosphorylated 

tyrosine kinase receptors and are divided into three classes (class I, class II and class III). The 

class I group has been associated with reproductive physiology and is activated by tyrosine kinase 

receptors (RTKs) such as epidermal growth factor receptor or gonadotropin-releasing hormone 

receptor, such as FSHr and LHr (Vanhaesebroeck et al., 2010). PI3K phosphorylates the hydroxyl 

groups of phosphatidylinositol 3,4-bisphosphate (PIP2) to convert it into phosphatidylinositol 

3,4,5-triphosphate (PIP3) which is a second messenger for the activation of the different 

components of the pathway. The components of the PI3K pathway include protein kinase B better 

known as AKT, protein-dependent kinase type 1 (PDK1) and the forkhead family of transcription 

factors such as FOXO (Liu et al., 2007).  

AKT is the key molecule of the PI3K pathway, and its activation begins by the stimulation 

of RTKs or G-protein couple receptor (GPCR) leading to plasma membrane recruitment and 

activation of one or more isoforms of the class I PI3K family (Vanhaesebroeck et al., 2010). 

Complete activation of AKT depends on the phosphorylation of two key residues: threonine 

residue 308 (Thr308), which leads to the activation of the catalytic protein kinase core, and serine 

residue 473 (Ser473) in a C-terminal hydrophobic motif, which stabilizes Thr308 

phosphorylation. Once activated, AKT interacts with many targets, regulating multiple signaling 

pathways (Manning & Toker, 2017) and directly phosphorylates protein targets, transcription 

factors, metabolic enzymes, and can promote cell survival, proliferation and changes in cellular 

metabolism through various downstream targets.  

At the oocyte maturation level, AKT activity has been related to the resumption of meiosis, 

the formation of the meiotic spindle and the expulsion of the second polar body in M-II (Cecconi 
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et al., 2010). The primordial to primary follicle transition is controlled through the induction of 

PI3K/AKT pathway, which is expressed primarily by granulosa cells present in oocytes and PI3K 

recruitment from the cytoplasm to the cell membrane through the binding of the SH2 domain 

(Cecconi et al., 2010; Liu et al., 2007). Moreover, Kimura et al. (2008), confirmed the crucial role 

of AKT in promoting survival and proliferation of the primordial germ cells and found that 

proliferation increased upon AKT induction. Phosphorylated AKT controls the activity of the 

serine-threonine glycogen synthase kinase 3 (GSK3) and the FOXO family members (FOXO1, 

FOXO3a and FOXO4). In the bovine ovary, GSK3 is localized in the cytoplasm of granulosa cells 

and oocytes (Cecconi et al., 2012). In the mammalian ovary, FOXO3a controls follicular activation 

and early development and it has been detected in the nucleus of oocytes (Liu et al., 2007). On the 

other hand, intra-oocyte FOXO3a inhibits the production of BMP-15 and may also suppress the 

activation of the Smad pathway that controls the proliferation and differentiation of surrounding 

granulosa cells. The PI3K/AKT pathway is subjected to TGF-β/BMP modulation that is involved 

in the regulation of granulosa cell proliferation and follicle survival/apoptosis (Cecconi et al., 

2012). This suggest a link between BMP signaling, PI3K/AKT and RAS/ERK pathways in the 

regulation of key cellular processes involved in cell growth and proliferation (Manning & Toker, 

2017).  

Although PI3K is an upstream activator of AKT, also phosphorylates other target proteins 

containing pleckstrin homology domains such as PDK1 and PLCγ to mediate crucial cellular 

processes, including cell growth or gene transcription (Manning & Toker, 2017). During 

embryonic development PI3K/AKT is a major signaling pathway to coordinates processes 

necessary to maintain survival and its inhibition can cause a significant delay in blastocyst 

hatching (Riley et al., 2005; Zhang et al., 2007). The developing embryo is dependent on signals 

generated by growth factors produced by the embryo itself or present in the maternal 

environment and expresses several growth factor receptors known to activate the PI3K pathway 

(Baran et al., 2013). Following fertilization, AKT is expressed from 1-cell stage to morula on cell 

surface (Baran et al., 2013; Cecconi et al., 2012), while at blastocyst stage is present in cells of the 

TE.   

 Chen et al. (2016), in a study of mouse preimplantation embryogenesis showed that AKT 

was permanently located in the cytoplasm from 1‐cell stage to early 4‐cell stage embryos and this 

localization was generally consistent with minor and major EGA, which strongly implied that AKT 

and their phosphorylated form (p‐Ser473) may get involved in the EGA and could interact with 

the cell cycle regulatory proteins. However, further research is required for better understanding 

the interaction of AKT and their phosphorylated forms into the mammal preimplantation 

embryogenesis. 
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1.3. Early embryo development in vitro 

In vitro fertilization (IVF) and embryo culture try to simulate the conditions that occur in 

vivo to provide high quality embryos capable of continue development and implantation and 

allows us to enhance our understanding of early embryo development, above all during the 

preimplantational stages. Therefore, IVP of embryos is divided in three steps: in vitro maturation 

(IVM), IVF and in vitro culture (IVC). Furthermore, considering the many similarities existing 

between bovine and human embryonic development, bovine IVP is suggested as one possible 

model for human reproduction (Ménézo & Hérubel, 2002). 

1.3.1 In vitro maturation  

Oocyte maturation is a required physiological event for successful fertilization and 

embryo development, and its quality is the main factor determining blastocyst yield. Oocyte 

developmental competence is associated with the size of the antral follicle from which it is 

recovered and the stage of the follicular wave. IVM is initiated immediately following the removal 

of immature oocytes from small to medium-size antral follicles although, it has been 

demonstrated that oocytes recovered from follicles of more than 6 mm yield a higher proportion 

of blastocysts compared with follicles between 2-6 mm (65.3% and 34.3% respectively) 

(Lonergan et al., 1994). Obtained cumulus–oocyte complexes (COCs) then are selected for IVM by 

morphological criteria based on the appearance of the cytoplasm and the presence or absence of 

CCs.  

The CCs surrounding the immature oocyte play a critical role on further development as 

they are channeling metabolites and nutrients to the oocyte to stimulate GVBD and drive 

development to M-II (Assidi et al., 2010; Lonergan & Fair, 2016). This entails the action of  

numerous metabolic pathways that govern certain aspects of CCs metabolism (Downs, 2015), 

such as their expansion and gene expression, characteristics considered as morphological 

indicators of the successful completion of oocyte maturation as well as marks of oocyte quality 

(Bunel et al., 2015). According to these features the COCs are classified into 4 groups (Figure 6) 

(Loos et al., 1989): 

- Grade 1: oocytes with more than 4-5 layers of CCs, complete and compact, and a homogeneous 

cytoplasm. 

- Grade 2: oocytes with fewer layers of CCs, between 1 and 3, a homogeneous cytoplasm 

or a darker area on the perimeter of the oocyte. 

- Grade 3: oocytes without CCs, with darker and/or irregular cytoplasm. 

- Grade 4: expanded CCs, and pyknotic or very dark and/or irregular oocyte cytoplasm. 
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After obtaining and selecting the COCs from the pre-antral follicles by their morphology, 

IVM is performed by placing them in a suitable culture medium for 24 h in 38.5 ºC, 5% of CO2 in 

air and maximum humidity to support the spontaneous resumption of meiosis, nuclear and 

cytoplasmic maturation and development of the oocyte to M-II (Rizos et al., 2002a). 

 
Figure 6. COCs grade 1 and 2.  

 

1.3.1.1. Nuclear maturation 

Nuclear maturation refers to the transition from GV nucleus to a second metaphase 

arrangement of the chromosomes and formation of a first polar body. This process is controlled 

by three key biochemical pathways: (1) MPF, which activates meiotic resumption resulting in 

GVBD; (2) anaphase promoting complex, which regulates progression from GVBD; and (3) 

cytostatic factor, which maintains meiotic arrest at M-II (Fair, 2013). Regulation of MPF is via the 

activity of several kinases and phosphates, whereas anaphase promoting complex and cytostatic 

factor are modulated mainly by translational regulation through sequential waves of 

polyadenylation and deadenylation (Belloc et al., 2008). 

In vivo resumption of meiosis in the oocyte within the dominant follicle is related to the 

preovulatory surge of LH, which triggers GVBD and progression to M-II (Picton et al., 1998; Sirard 

et al., 1998; Smith, 2001). In the case of IVM, spontaneous resumption of meiosis occurs before 

the completion of cytoplasmic maturation, compromising developmental competence and this is 

because oocytes aspirated from the ovary with the dominant follicle just before LH surge display 

alterations in their nuclear and cytoplasmic morphology (Lonergan & Fair, 2016).  

On the other hand, by delaying spontaneous resumption of meiosis in vitro using a meiotic 

inhibitor, it has been hypothesized that continued mRNA and/or protein accumulation in the 

oocyte might enhance the maturation process. Although it is possible to reversibly inhibit meiotic 
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resumption, evidence for a positive effect on oocyte competence is relatively sparse, but studies 

using pharmacological compounds that allow synchronization of maturation processes and that 

prolong interaction between the immature oocyte with CCs have reported promising results 

(Lonergan & Fair, 2016). 

Nevertheless, nuclear maturation alone is not sufficient to produce a high-quality oocyte. 

A recent metanalysis of various models of M-II –stage oocytes leds to the identification of 56 

candidate genes associated with oocyte quality across several species, as well as Wnt signaling 

and PI3K/AKT pathways being crucial for the maturation of high quality oocytes (Fair, 2013; 

O’Shea et al., 2012).  

1.3.1.2 Cytoplasmic maturation 

Oocyte cytoplasmic maturation is characterized by a series of ultrastructural and 

molecular changes. In immature oocytes the high metabolic activity is reflected by a larger 

number of organelles in the ooplasm such as mitochondrial clusters and lipid vacuoles, but during 

oocyte IVM, the synchronization of nuclear and cytoplasmic maturation is of fundamental 

importance ensure the progression of early embryo development (Ferreira et al., 2009). The 

cytoplasmic maturation includes relocation and modification of organelles, acquisition of 

functional Ca2+ release mechanisms and capacity to decondense the chromatin of the fertilizing 

sperm among others (Ferreira et al., 2009).  

Organelles modification during cytoplasmic maturation: Organization and continued 

metabolic activity of mitochondria are necessary features for cytoplasmic maturation and 

resumption of meiosis, affecting subsequent development after fertilization (Ferreira et al., 

2009). The preimplantation period of development is sustained by mitochondria produced 

during oogenesis, and only when the embryo begins implantation, their production is resumed 

(Ferreira et al., 2009).  

a) Mitochondrial distribution and metabolic activity: In bovine oocytes, the major relocation 

of mitochondria occurs during IVM and is influenced by hormones and energy substrates 

of the maturation medium (Eichenlaub-Ritter et al., 2011; Ferreira et al., 2009). Confocal 

studies revealed a higher incidence of mitochondrial clustering in the cytoplasmic 

periphery of oocytes matured in vitro in standard tissue culture medium 199 (TCM-199) 

containing glucose and lactate and supplemented with serum, whereas mitochondria of 

oocytes matured in chemically defined poor medium, often appear homogeneously 

distributed (Ferreira et al., 2009; Krisher & Bavister, 1998). The energy status (ATP 

content) of oocytes is critical for their maturation and has been suggested as an indicator 
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for the developmental potential (Eichenlaub-Ritter et al., 2011). Embryos with less ATP 

in the cytoplasm had slower development and resulted in a smaller number of cells 

(Stojkovic et al., 2001). Moreover, the mitochondria are involved in ATP synthesis, 

reactive oxygen species (ROS) production and apoptosis (Eichenlaub-Ritter et al., 2011). 

Mitochondrial dysfunctions or abnormalities may compromise developmental processes 

by inducing chromosomal segregation disorders, maturation and fertilization failures, or 

oocyte/embryo fragmentation resulting in mitochondria-driven apoptosis. 

b) Cortical granules and distribution: CGs are small vesicles that contain enzymes. During 

meiosis resumption, the CGs migrate from the Golgi apparatus to the vitelline surface, 

assuming a position 0.4–0.6 μm below the plasma membrane, and such distribution 

contributes to block polyspermia (Hosoe & Shioya, 1997). If fertilization with more than 

one spermatozoon occurs, the resulting zygote will undergo abnormal cleavage and will 

become non-viable, eventually degenerating at the beginning of mitotic divisions 

(Ferreira et al., 2009). Dispersion of CGs is regarded as being essential for the proper 

course of oocyte maturation. Improvements of maturation culture conditions would 

enhance migration of CGs in oocytes and will contribute to embryo development up to the 

blastocyst stage. 

1.3.1.3. Molecular maturation 

Molecular maturation corresponds to the phases of oocyte growth and maturation. It 

involves the transcription, storage and processing of the mRNAs which are stored in a stable, 

inactive form until translational recruitment and are required for maturation,  fertilization and 

early embryogenesis (Ferreira et al., 2009). It has been hypothesized that the quality of an oocyte 

is based on the presence of the appropriate set of mRNAs and proteins stored into 

ribonucleoprotein particles (Wrenzycki et al., 2004). This correct storage is of great importance 

since many transcripts will be consumed until the EGA. It is known that several mechanisms are 

involved in the activation of translationally inactive mRNAs (Tomek et al., 2002), such as 

polyadenylation. In a study on the polyadenylation of various mRNAs involved in the oocyte 

meiosis resumption to the first embryo cleavages the authors observed several differences in the 

polyadenylation patterns and concluded that these specific changes in mRNA polyadenylation are 

associated with modulation of gene expression in the embryos (Ferreira et al., 2009) and 

abnormal levels of polyadenylation in some maternal mRNAs are accompanied by a lower 

potential for embryo development.  
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In bovine COCs, the polyadenylation of mRNAs code for the proteins necessary for MPF 

and MAPK activation is important, thus, appropriate synthesis of these transcripts in the oocyte 

cytoplasm will also be crucial for the nuclear resumption and progression of meiosis (Filatov et 

al., 2019). In addition to cell cycle regulators, other critical molecules for the development and 

early embryogenesis are synthesized and accumulated inside the oocyte, with their presence 

considered to be a marker of having acquired cytoplasmic competence to support the subsequent 

phases (Ferreira et al., 2009; Krischek & Meinecke, 2002). Eichenlaub-Ritter et al. (2011) showed 

that a deficiency in oocytes gene expression that occur during follicle development might be 

related to an altered composition of the same. Gene expression profiling of in vivo- and in vitro-

matured bovine oocytes can identify transcripts related to their developmental potential 

(Camargo et al., 2019). Some of the most important genes are the glucose transporter (GLUT1) 

(Augustin et al., 2001), glucose-6-phosphate dehydrogenase (G6PD) and those genes associated 

with oxidative response: manganese superoxide dismutase (MnSOD) related to mitochondrial 

activity and glutathione peroxidase (GPX1) (Guérin et al., 2001). Within this context, glutathione 

is one of the markers of cytoplasm maturation that has been extensively investigated, this enzyme 

plays a fundamental role in cell protection against oxidative damage (Ferreira et al., 2009) by 

eliminating the ROS produced during mitochondrial metabolism. Investigation of the oocyte 

maturation mechanisms is one of the top priorities of contemporary developmental biology. 

However, as highlighted by Filatov et al. (2019) the mechanisms of meiotic resumption of oocytes 

are extremely complex and there are certain mechanisms that require further investigation such 

as the role of the MAPK cascade and many other signaling molecules that regulate the initiation 

of meiotic resumption. 

1.3.2 In vitro fertilization 

IVF consists of the co-incubation of matured oocytes and capacitated sperm under the 

right conditions in order to produce a viable zygote. The selection of motile sperm is a 

prerequisite for successful IVF. There are several products and protocols to do so: the swim-up, 

and gradients such as Percoll and BoviPure™ (Samardzija et al., 2006). Both gradients have 

similar results regarding the final rate of blastocysts, but the advantage of BoviPure™ is that it is 

less toxic (Samardzija et al., 2006). After selection, the sperm concentration is adjusted normally 

to 106 sperm/mL and coincubated with the matured oocytes normally for 18 h, at 38.5 ºC, 5% CO2 

in air and saturated humidity. During this period spermatozoa cross all physiological barriers, 

fuse with the ooplasm, activate the oocyte, and then pronuclear formation begins (Galli et al., 

2003).  
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The media used are designed with a specific ionic balance for sperm requirements and 

contain heparin that capacitates the sperm and prepares it for the acrosome reaction (Parrish, 

2014). The most commonly used medium is the TALP, a modification of the Tyrode´s medium that 

contains sodium bicarbonate, albumin as a source of protein and lactate and pyruvate as an 

energy source (Gordon, 2003). The presumptive zygotes obtained after IVF are selected based on 

their morphological characteristics like homogeneity of the ZP, perivitelline space and cytoplasm 

and placed into culture. 

1.3.3. In vitro culture  

IVC consists of the culture from the presumptive zygotes (Day 1 after IVF) up to the 

blastocyst stage (Days 7-9). The relevance of IVC resides in the fact that postfertilization culture 

conditions can dramatically alter the quality of the embryo (Rizos et al., 2002). The factors that 

most influence the quality of the embryos are the conditions after fertilization; culture medium, 

number of embryos in culture, temperature and gas balance in the incubator (Lonergan, 2007). 

Over the years, different embryo culture systems in defined or non-defined media (in which the 

concentration of the major components is unknown) with supplementation of fluids from the 

reproductive tract (oviductal and uterine fluids), or their extracellular vesicles (EVs) or co-culture 

with oviduct epithelial cells have been described (Lopera-Vasquez et al., 2017; Rizos et al., 2017). 

The most used medium for embryo culture is synthetic oviductal fluid (SOF) which is usually 

supplemented with 5% of foetal calf serum (FCS) and/or bovine serum albumin (BSA) (Holm et 

al., 1999; Tervit et al., 1972). However, it has been shown that serum negatively affects embryo 

quality compared to the production with albumin in a concentration of 3 mg/mL (Rizos et al., 

2003). The addition of FCS to the culture media has also been linked to the large offspring 

syndrome, which is characterized by large calves that have a high postnatal mortality due to 

defects in many organs (Young et al., 1998). 

Overall, the goal of in vitro embryo production is to simulate as closely as possible the 

conditions that occur in vivo, to obtain high quality embryos capable of resulting in viable births. 

However, despite the success in the development and use of these technologies, IVP is an 

inefficient (the proportion of embryos reaching the blastocyst stage is around 40%) and 

suboptimal process (embryos that do reach the blastocyst stage are often compromised in quality 

and competence) (Lonergan & Fair, 2008). Improvements in IVP has been evidenced by 

“mimicking” physiological embryo culture conditions such as: co-culture with somatic cells 

monolayers mainly from the reproductive tract (granulosa or oviductal epithelial); oviductal and 

uterine fluids; and their EVs (Hamdi et al., 2018; Lopera-Vasquez et al., 2017). However, obtaining 
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good quality embryos, competent for establishing a pregnancy after transfer to a recipient 

remains a challenge for further research. 

1.3.3.1. In vitro conditions affecting embryo development and quality  

Embryo culture is the longest step of the IVP embryo process and it is when greatest 

reduction in development occurs (30 - 40% of blastocysts rate) (Rizos et al., 2008). 

It has been shown that the intrinsic quality of the oocyte is the main factor affecting 

blastocyst yield since could influence the transcriptome of the matured oocyte while the 

postfertilization culture environment impacts the quality of the produced blastocysts (Sirard, 

2012). To highlight the importance of in vitro systems, different experiments have been carried 

out alternating in vitro with in vivo embryo culture, where blastocysts produced from embryos 

maintained for different time intervals in in vivo culture had different survival rates (Rizos et al., 

2002; Tesfaye et al., 2007).  

It has been demonstrated that the dynamic of embryo development and embryo quality 

can be affected by suboptimal in vitro conditions manifested by a darker morphology (Rizos et al., 

2002a), lower cryotolerance (Rizos et al., 2008), altered ICM/TE ratio (Salzano et al., 2014) and 

altered gene expression patterns (Niemann & Wrenzycki, 2000) when compared to their in vivo 

counterparts. These results led to consider the fact that the period around the time of EGA is 

critical for the quality of the embryo. Gad et al. (2012) investigated the consequences of culture 

conditions before and during the EGA on bovine embryonic developmental rates and global gene 

expression patterns. Embryo development was similar irrespective of where culture took place; 

however, the transcriptome of the blastocysts was clearly influenced by culture conditions, 

confirming once again the significant role of culture conditions during EGA (Gad et al., 2012; Graf 

et al., 2014). 

During IVC, compaction and cavitation of the morula are crucial processes in early embryo 

development. It has been shown that the addition of FCS to the culture medium decreases the 

degree of compaction of the blastomeres in the morula stage and they present a greater 

accumulation of lipid droplets in their cytoplasm (Rizos et al., 2003), parameters that affect 

embryo cryotolerance. Compaction is a prerequisite for TE formation, involving cell adhesions 

between blastomeres mediated by E-cadherin and tight junction proteins (Van Soom et al., 1997). 

The blastocoel formation is accompanied by the formation of TE and the ICM (Watson & Barcroft, 

2001). Compaction and cavitation are dependent on adequate embryonic gene transcription. 

Moreover, in vitro manipulation of embryos has also been related to oxidative stress generation 

and the production of substances such as ammonia or oxygen radicals that can produce lipid 
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peroxidation, membrane injury and structural damage, leading to decreased cryotolerance, 

apoptosis and alterations in gene expression compared to in vivo produced embryos (Moore et 

al., 2007; Somfai et al., 2007).  

During the period of epigenetic reprogramming embryo is especially vulnerable to in 

vitro-induced epigenetic defects (El Hajj & Haaf, 2013), these alterations of the epigenetic profile 

may have a direct effect on the subsequent embryo and fetal development. Also, a correctly 

programmed oocyte can support the subsequent embryo development, evidenced in the 

efficiency and quality of blastocysts produced in vivo (Graf et al., 2014). In vitro embryo culture 

has been associated with abnormal reprogramming of imprinted genes involved in blastocyst 

formation such as cell-to-cell adhesion (E-cadherin, connexins and tight junctions genes), cell 

communication (gap junctions), differentiation marks and genes related to metabolism, growth, 

and differentiation (Miller et al., 2003). In some cases, the significant increase in the expression 

of those genes supports the hypothesis that current in vitro culture systems are associated with a 

considerable amount of oxidative stress, which can alter the normal development of the embryo 

(Bennemann et al., 2018). 

1.3.3.2. Evaluation of embryo quality.  

The best method to assess the quality of each embryo produced is its ability to establish 

and maintain a pregnancy after transfer to a recipient. However, for practical and economic 

reasons, it is only ever possible to transfer a subset of embryos. Therefore, alternative methods 

for evaluating embryo quality have been developed and are considered valuable tools to 

understand or identify the in vitro culture conditions.  

a) Morphology 

The blastocyst morphology is the first parameter analyzed for immediate transfer or 

cryopreservation. Under light microscope, in vivo embryos present a lighter color when compared 

to their in vitro counterparts (Fair et al., 2001; Rizos et al., 2002a). Furthermore, Fair et al. (2001), 

elucidated the effect of culture environment on blastocyst’s morphology demonstrating that 

blastocysts cultured in SOF with FCS had wick cell-to-cell contacts compared to the in vivo 

produced. Another study evidenced that in vivo embryos present a higher plasma membrane 

attachment to ZP, a dense-continuous cover of microvilli and a small number of lipid droplets, 

while the in vitro counterparts exhibited less and discontinuous microvilli over the plasma 

membrane, and increased lipid content (Figure 7) (Rizos et al., 2002a). It is well documented that 

higher lipid content in blastocyst is related to a lower cryotolerance (Abe et al., 2002). Hence, the 

differences observed at ultrastructural level between in vivo and in vitro embryos, even between 
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embryos produced in vitro in different culture systems, may in part explain the cryotolerance 

variations observed. 

.  

Figure 7. Morphology of bovine embryos produced in vivo (A±E) or in vitro (F±J). Images are representative 
of matured oocytes (A and F), 2-cell embryos (B and G), 8-cell embryos (C and H), morula (D and I), and 
blastocysts (E and J) (Rizos et al., 2002a) 

 

b) Embryo cell number 

Differential staining can be used to obtain a better estimation of embryo quality and 

differentiation. An asynchrony in the mitotic division of the blastomeres could be reflected in the 
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compaction stage of the morula and in the subsequent ICM and TE cells differentiation (Johnson 

& Ziomek, 1981). Therefore, this technique allows to compare ICM and TE development in 

different culture conditions to evidence deviations in embryo development (Van Soom et al., 

2001). Clemente et al. (2009) used differential cell count to evaluate the quality of in vitro 

produced bovine blastocysts in presence or absence of progesterone. Similarly, Rodríguez et al. 

(2006) demonstrated that retinoic acid and its specific receptor agonist increase the number of 

cells in the ICM and TE of in vitro produced bovine embryos and Trigal et al. (2011) evaluated the 

use Activin A under in vitro conditions on bovine embryo development and quality, finding a 

lower number of TE cells in embryos cultured in absence of Activin. Recently, Chowdhury et al. 

(2017) evaluated that supplementation of lycopene during oocyte maturation or L-ergothioneine 

during embryo culture (Zullo et al., 2016a) increase the quantity of TE and ICM cells, confirming 

a beneficial effect on embryo quality. Therefore, supplementation of the medium with different 

substances can have a positive effect on embryonic development by influencing the kinetics of 

cell division. 

c) Gene Expression 

Early developmental stages include the timing and progression through the first and 

subsequent cellular divisions, formation of necessary gap junctions, EGA, compaction, 

differentiation of cell types, and secretion of embryonic gene products essential for maternal 

recognition. Transcriptomics can serve as an excellent tool to assess the roles of key genes and 

pathways involved in the different stages of embryo development (Khatib & Gross, 2019).  

 Kues et al. (2008) studied the volume of embryonic mRNA transcripts through the 

different stages of development and concluded that the observed lower number of 4-to 8-cell 

stage transcripts was due to rapid degradation of maternal transcripts during maternal 

embryonic transition. Moreover, 350 genes were developmental stage–specific,  with about 70 

genes highly expressed in the 2-cell stage that were then downregulated in subsequent stages, 

demonstrating high metabolic and signaling activity, thus providing evidence of the dynamic 

changes that occur within the embryo that lead to EGA (Kues et al., 2008). In addition, analysis of 

expression patterns of important genes in early development provides valuable information 

about the effect of environmental factors on the early embryo. The products of these genes are 

involved in various biological processes including metabolism, growth factors, cytokine signaling, 

stress adaptation, transcription and translation, epigenetic regulation of transcription, apoptosis, 

compaction and blastocyst formation (Wrenzycki et al., 2004). 

It is well documented that gene expression is different in IVP oocytes and embryos 

compared to their in vivo counterparts. The expression of DNA Methyltransferase 1, 3A, and 3B 
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(DNMT1, DNMT3A and DNMT3B) has been demonstrated to be upregulated in bovine oocytes 

after IVM compared to in vivo-matured oocytes (Heinzmann et al., 2011). Furthermore, it has been 

reported that between different culture media, genes related to apoptosis and oxidative stress 

(BAX, SOX, HSP70) had different expression patterns (Sagirkaya et al., 2006). When comparing in 

vivo-derived and IVP bovine embryos, genes related to metabolism, growth, and differentiation 

(Glucose transporter type 5 (GLUT-5), Conexin 43 or gap junction protein alpha1(CX43), Insulin 

like growth factor 2 (IGF-II); Leukemia inhibitory factor (LIF)) were upregulated in embryos 

derived in vivo, while genes related to stress (SOX, MnSOD, BAX, HSP70.1, PRDX5) were 

upregulated in IVP embryos. The significant increase in expression of those genes supports the 

hypothesis that current in vitro culture systems are associated with a considerable amount of 

oxidative stress (Rizos et al., 2003; Wrenzycki, 2018). 

d) Artificial intelligence as a new tool to address the quality of mammalian embryos 

Currently, the possibility of using an artificial intelligence system is limited only to the 

morphological analysis of the embryo, nevertheless theoretically, it is possible to adapt the 

system for the direct prediction of successful embryo implantation, once the variables that 

describe the physiological, endocrinological and metabolic environments of the recipient are 

included on the machine learning algorithms (Rocha et al., 2016). However, in light of the multiple 

attempts to develop a precise non-invasive system for embryo classification, this is still an 

ongoing process. Recently, the use of mathematical and statistical tools for the analysis of embryo 

viability has been proposed. Among the main researches, van Loendersloot et al. (2014) reported 

the use of multivariate logistic regression for the classification of embryos according to 

implantation potential, being able to categorize embryos with high, moderate or low potential. In 

the same line, Chen et al. (2016a) proposed the use of a computer-assisted scoring system to have 

a higher discriminatory power for embryo selection, together with a multivariate logistic 

regression system, and multivariate adaptive regression splines. The most promising alternatives 

seems to be the ones that take into account the metabolites used by the embryo and obtained by 

analysis of the conditioned culture medium, the use of applied mathematics and statistics with 

the classificatory system or dedicated software for the analysis of kinetics, symmetry or 

morphology of the embryo. 

1.4. The physiological environment of early embryo  

The gaseous environment to which the oocyte is exposed varies considerably between in 

vitro and in vivo conditions. The female reproductive tract is rich in antioxidants and is 
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considerably different from the synthetic medium used for IVC of oocytes and embryos 

(Wrenzycki & Stinshoff, 2013). 

When oocytes and embryos are cultured in vitro, they are exposed to manipulation, light, 

temperature and O2 concentration, which favor the increase of ROS, which in a balanced way can 

act as signaling molecules in different physiological processes (Guérin et al., 2001; Yu et al., 2014). 

Therefore, studies regarding the components of the media such as metabolites, nutrients, gaseous 

atmosphere or use of substances with antioxidant properties during IVP are essential to avoid 

excessive ROS increase, lipid droplet formation and to improve the quality of produced embryos 

(de Matos et al., 2002; Kere et al., 2012). 

The parameters that influence the physiological environment are: 

1. Culture medium: The success of IVM suffers from differences between the composition 

of the in vitro culture media compared with in vivo conditions (Sutton et al., 2003); hence, 

an understanding of intrafollicular conditions is critical for successful oocyte selection 

and maturation regardless of species. Follicular fluid contains a variety of proteins, 

cytokine/growth factors, other peptide hormones, steroids, energy metabolites and other 

undefined factors (Leroy et al., 2011; Sutton et al., 2003; Van Hoeck et al., 2013). The 

presence and growth of the follicle is likely to affect nutrient levels reaching the oocyte, 

and intrafollicular conditions may have an influence on the developmental competence of 

the oocytes. Some of the follicular fluid/IVM media components are involved in a variety 

of processes and pathways affecting the developmental competence of the COCs 

(Wrenzycki & Stinshoff, 2013). The media used for IVM are known to affect both 

maturation and subsequent embryonic development and they can be classified as simple 

or complex media. Simple media are buffered salt solutions with energy sources such as 

pyruvate, lactate and glucose, whereas complex media contain in addition a mixture of 

amino acids, vitamins, and other molecules (Gordon, 2003). In the bovine oocyte 

maturation, TCM-199 is the complex medium more extendedly used and is supplemented 

with macromolecules such as FCS or BSA, gonadotropins, steroids, antioxidants and 

growth factors (Gordon, 2003; Lonergan & Fair, 2008). Further refinement of conditions 

for IVP in order to improve oocyte and embryo quality included addition of biologically 

active agents (e.g., FSH and various growth factors) involved in the signaling between the 

developing oocyte and the surrounding GCs that have been identified (Machaty et al., 

2012). Most recent experimental data indicate that EGF-like growth factors accumulate 

in the follicle at ovulation and are potent stimulators of oocyte maturation and cumulus 
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expansion (Hsieh et al., 2009). The incorporation of such factors in the maturation 

medium may improve the quality of matured oocytes. 

 

In the last years, in an attempt to mimic in vivo conditions and improve the quality 

of the embryos produced, different systems of embryo culture have been developed such 

as co-culture in vitro with bovine oviductal epithelial cells (Lopera-Vásquez et al., 2016; 

Ulbrich et al., 2010), the use of oviductal fluid (Lopera-Vasquez et al., 2017) or use of EVs 

as a supplement during in vitro embryo culture. Thus, the presence of EVs in oviductal 

fluid and their effect on early embryonic development may be of great importance in early 

embryo-maternal communication and improve embryo quality in our current IVP 

systems.  

 

Another factor considered during embryonic development is oxidative stress, 

which is why it has been shown that supplementation of the culture media with 

antioxidants helps to maintain intra- and extracellular redox balance, which is necessary 

to reduce the toxicity of ROS, improving embryo development, increasing cryotolerance 

and cell differentiation, and inhibiting apoptosis during culture (Takahashi, 2012). 

Vitamins such as tocopherol, ascorbic acid or folic acid play a key role in reducing 

oxidative damage and improving blastocyst development rate in mouse embryos (Wang 

et al., 2002). Also, the supplementation of culture media with antioxidants, such as 

crocetin or retinol, seems to have a positive effect on development, embryo quality and 

improvement of the cryotolerance of bovine embryos (Zullo et al., 2016b).  

 

2. Energy sources: Changes in the energy needs of COCs during maturation have been 

investigated and addressed based on the different requirements of the oocyte and CCs. 

- Glucose: The capacity of the oocyte to utilize glucose may be used as a predictive marker 

of oocyte quality (Krisher & Bavister, 1998), since its addition to the medium improves 

the resumption of meiosis, embryo cleavage, morula and blastocyst rates in cattle 

(Krisher & Bavister, 1998). However, high concentrations of glucose during IVM can lead 

to an increased generation of ROS and decreased intracellular glutathione (GSH) 

availability (Hashimoto et al., 2000). On the same line, Perkel et al. (2015) reported that 

the transition from the morula to the blastocyst stage and the ability to metabolize glucose 

appears to be a sign of an embryo’s growth and potential and higher glucose uptake has 

also been correlated with viability (Gardner et al., 2011). With all these precedents, 

glucose supplementation to culture media would provide an improvement to the IVP 

conditions. 
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- Pyruvate: Downs et al. (2002) reported that pyruvate consumption correlates with 

meiotic maturation. Moreover, metabolomic studies with meiotically active oocytes have 

highlighted the importance of pyruvate in culture as a potential biomarker to assess early 

embryonic viability (Perkel et al., 2015). Rieger et al. (1992) reported that bovine 

embryos that developed to the blastocyst stage used more pyruvate and lactate in early 

preimplantational development. A second function of pyruvate is to protect the embryo 

against oxidative stress (Morales et al., 1999) since pyruvate can produce water, carbon 

dioxide and acetate, suggesting that higher production of acetate by embryos can be a sign 

of oxidative stress and decreased viability. Therefore, pyruvate uptake alone may be a 

major predictor of embryo development and viability due to alternative interpretations 

of its use by the embryo; however, this metric could be very powerful if used in 

combination with other metabolites such as glucose or lactate (Perkel et al., 2015). On the 

other hand, lactate production increases significantly throughout early preimplantation 

development. Compaction, expansion, and blastocoel formation require large amounts of 

energy, which is produced through glycolysis (Khurana & Niemann, 2000) and a high IVP 

of lactate is thought to be a consequence of metabolic stress associated with the unnatural 

culture environment. Nevertheless, the consistent rise in lactate production throughout 

development of the preimplantation bovine embryo could be a potential indicator of 

viability (Perkel et al., 2015). 

 

3. Oxygen concentration (and reactive oxygen species): Oxygen consumption is a 

potential quality parameter as it provides an indication of the overall metabolic activity 

of a single embryo (Harvey, 2007). The correlation between oxygen consumption and 

morphological quality, is the main parameter used in embryo evaluation (Lopes et al., 

2007). Physiologically, the oxygen concentration in follicular fluid and in the oviduct of 

mammals varies between 2 and 13% (Harvey, 2007). Hashimoto (2009) observed that a 

reduced oxygen concentration (5%) and supplementation of the maturation medium with 

glucose led to increased blastocyst rates indicating a close connection between glucose 

and oxygen metabolism. On the other hand, studies demonstrated that very high levels of 

O2 (20%) can result in a greater presence of ROS, which can be harmful to the oocyte 

(Cetica et al., 2001; Guérin et al., 2001; Hashimoto, 2009). Studies in mice concluded that 

5% oxygen was optimal for nuclear maturation and that values below 5% were 

considered detrimental to maturation. After fertilization, blastocysts derived from mouse 

oocytes matured at 5% oxygen had significantly higher cell numbers and reduced 

metabolism, as measured by glucose uptake and lactate production compared to those 

matured at 20% (Preis et al., 2007).  
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Mingoti et al. (2011) found a higher development when embryos were cultured 

with 20% O2 and the medium was supplemented with serum, that was confirmed as well 

with antioxidant agents supplementation (Rocha-Frigoni et al., 2015).  In addition, it has 

been demonstrated that combination of oxygen tension and serum supplementation plays 

a major role in the lipid profile of bovine embryos (Ferreira et al., 2010). On the other 

hand, another study indicated that different O2 levels (5% or 20%) during IVC embryo do 

not affect embryonic development but had a consequence on the epigenetic process, such 

as histone marks histone 3 lysine 9 dimethylation (H3K9me2) in bovine blastocysts 

(Gaspar et al., 2015). Furthermore, Bennemann et al., (2018) reported that energy 

substrates required for oocyte maturation may differ under low and high oxygen tensions. 

During nuclear and cytoplasmic maturation the oocyte is susceptible to glucose 

concentration-dependent perturbations and most of the ATP is provided by glycolysis or 

imported from GCs (Harvey, 2007). However, the indicators of an altered metabolism in 

both oocyte and embryo are the mitochondria, moreover, their distribution is important 

to maintain energy homeostasis. An altered distribution pattern due to IVM conditions 

may be an indicator of stress and decreased developmental potential (Banwell & 

Thompson, 2008). In addition, the mitochondrial membrane potential has been shown to 

be higher in in vivo matured oocytes compared to those matured in vitro with 20% oxygen 

(Preis et al., 2007). 

 

Besides, high oxygen tension is associated with higher levels of ROS and may exert 

harmful effects on the development of bovine embryos and on cellular function by 

inducing oxidative damage of intracellular components (Guérin et al., 2001; Yuan et al., 

2003). ROS are powerful oxidants physiologically produced during activation of gamete 

and embryo metabolism (Agarwal et al., 2008) and oxidative stress occurs when the ROS 

production level exceeds the capacities of the cellular antioxidant defense systems, 

resulting in cellular injuries, such as lipid peroxidation, mitochondrial damage, amino acid 

and nucleic acid oxidation and apoptosis (Rocha-Frigoni et al., 2016). At low 

concentrations, ROS play important physiological roles in vitro such as regulating the rate 

of pre‐implantation embryo development (Combelles et al., 2009). The balance between 

ROS and antioxidants may have a critical role in reproductive processes such as 

folliculogenesis as documented by the presence of various antioxidant enzymes within 

the follicular fluid (Gupta et al., 2011). However, antioxidant supplementation in vitro 

must be balanced with oxygen concentration, thus the addition of antioxidants molecules 

alone may not be enough to combat the damaging effects of ROS (Guérin et al., 2001). 
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4. Antioxidants: The use of substances with antioxidant properties during IVP of embryos 

may avoid the excessive increase of ROS, protect the embryo against oxidative stress and 

improve the production by decreasing ROS levels directly or indirectly by increasing GSH 

levels in oocytes (Torres et al., 2019; Wang et al., 2014). IVP media show high ROS 

concentrations, which make it necessary to add antioxidants. A wide variety of 

antioxidants have been used to reduce ROS during IVP of embryos (Mishra et al., 2016; 

Rocha-Frigoni et al., 2016).  

 

Exogenous antioxidants play a key role in the delicate equilibrium between 

oxidation and antioxidation and antioxidant activities intimately depend on their 

concentrations. In most circumstances, physiological doses of antioxidants exert 

beneficial effects; while overdoses of them exhibit detrimental effects (Bouayed & Bohn, 

2010). Intracellular antioxidants (cysteine combined with cysteamine) scavenge the 

intracellular ROS produced in oocytes and CCs because of the use of oxygen for energy 

production through mitochondrial oxidative phosphorylation (Deleuze & Goudet, 2010; 

Rocha-Frigoni et al., 2015). Thus, supplementing media with different types of 

antioxidants, including enzymatic (superoxide dismutase, glutathione peroxidase, and 

catalase) and non-enzymatic antioxidant agents (α-tocopherol, ascorbic acid, β-carotene 

and glutathione, among others), has been proposed to protect oocytes and embryos from 

oxidative stress during IVP.  

 

 Wang et al. (2002) reported that vitamins such as tocopherol, ascorbic acid or folic 

acid play a key role in reducing oxidative damage and improving blastocyst development 

in mouse embryos. Furthermore, Zullo et al. (2016b) demonstrated that the 

supplementation of culture medium with crocetin, which has a high antioxidant capacity, 

leads to an improvement of cryotolerance of bovine embryos. In recent years different 

types of antioxidants have been used during the IVP, for example thiol compounds such 

as: Cysteamine, which increased GSH levels in bovine oocytes and acts as the main non-

enzymatic defense system to reduce ROS levels (Deleuze & Goudet, 2010; Rocha-Frigoni 

et al., 2016). Carnitine, which is an essential cofactor required for the entry of long-chain 

fatty acids into the mitochondria for the generation of ATP and prevents the impairment 

of fatty acid beta-oxidation in mitochondria (Boyacioglu et al., 2014; Dunning et al., 2014; 

Wu et al., 2011). Therefore, carnitine acts as an antioxidant that neutralizes ROS, 

especially superoxide anion, and protects cell organelles, including mitochondria against 

oxidative damage and induced apoptosis (Mishra et al., 2016; Ye et al., 2010).  
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Furthermore, Wu et al. (2011) have demonstrated that carnitine reduces ROS levels and 

increases GSH during IVM of porcine oocytes. 

 

Another widely used antioxidant is vitamin C, which protects cells against ROS. 

Kere et al. (2012) reported that vitamin C did not affect nuclear maturation status, whilst 

Tao et al. (2010) showed that L-ascorbic acid promoted polar body extrusion in denuded 

porcine oocytes. In bovine, Dalvit et al. (2005) reported that the addition of vitamin C to 

the oocyte maturation medium exerted no effect on the maturation rates. Nevertheless, 

the beneficial effect of vitamin C supplementation may be ascribed to an improved culture 

condition and/or a better cytoplasmic maturation of the oocytes due to a reduced 

intracellular oxidative status for embryo development, as demonstrated by Torres et al. 

(2019). In this study, ascorbic acid supplementation in both IVM and IVC media reduces 

lipid accumulation by increasing lipolysis and suppressing lipogenesis in blastocysts, 

suggesting an improvement of embryo quality. In the same line, Hu et al. (2012) reported 

that the inhibition of ROS generation by vitamin C during the development of pig embryos 

was dose dependent and improved the total cell number of produced blastocysts. 

In recent years the alternative strategy of using natural plants or their extracts 

(phenolic compounds, including flavonoids and hydrolysable tannins) as antioxidants in 

animals has been confirmed to be effective and utilized extensively (Zhong & Zhou, 2013). 

The antioxidant activities of phenolic compounds are due to their structure and particular 

ability to donate a hydrogen ion to the peroxy radical generated as a result of lipid 

peroxidation (Zhong & Zhou, 2013). Quercetin and resveratrol are secondary plant 

metabolites found in fruits, vegetables, grains and flowers (Kang et al., 2013; Kwak et al., 

2012). The use of quercetin and resveratrol to avoid oxidative stress in vivo and in vitro 

has been shown in several studies by improving mitochondrial function, promoting CCs 

expansion and increasing blastocysts development (Wang et al., 2014). Also, it have been 

demonstrated that quercetin, resveratrol and cysteamine altered the expression of 

certain developmental related genes (Bax, Blc-2, Oct-4, Cx-43, IGF-1, GPx4, SOD1 and Glut-

1) (Mukherjee et al., 2014; Sovernigo et al., 2017; Wang et al., 2014).  

1.5. Polymethoxylated flavones  

Flavonoids are a family of phytochemicals that exhibit a broad spectrum of 

pharmacological properties. The highest concentration of olymethoxylated flavones (PMFs) such 

us tangerine, naringenin and nobiletin are found in the citrus peel and have been shown to impart 

significant protective biological activities including antioxidant, anticancer, antiviral, anti-
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inflammatory, when some PMFs interact with several signaling pathways (ERK, PI3K/AKT, CREB) 

to promote survival in various cell lines (Manthey & Grohmann, 2001; Moosavi et al., 2015; 

Whitman et al., 2005). PMFs have multiple beneficial effects. In vivo studies showed a direct 

interaction of PMFs with ROS mainly by activation of Nrf2 pathway, upregulation of antioxidant 

enzymes and interaction with metal ions as sources of ROS (Razzaghi-Asl et al., 2013).  

Some polyphenols have been studied as an important resource in the neurotrophic 

ambient by agonistic action on tyrosine kinases receptors (Trk), activation of ERK, and PI3K/AKT 

pathways and upregulation of antioxidant enzymes. Also, the action of certain flavonoids such as 

apigenin and ferulic acid, increase cyclic adenosine monophosphate response element-binding 

protein (CREB) phosphorylation and the antioxidant activity of polyphenols in the Nrf2 pathway 

and the upregulation of heme oxygenase-1 that contribute to the neurotrophic activity (Huang et 

al., 2016; Moosavi et al., 2015). In a recent study, Lim & Song, (2016) demonstrated that 

naringenin, can support TE migration in porcine embryos, crucial to orchestrate conceptus-

uterine interactions during the peri-implantation stage of pregnancy. Nevertheless, further 

research of these flavonoids on preimplantation embryo development is necessary. 

1.5.1. Nobiletin 

Nobiletin is a hexamethoxyflavone (chemically known as 5,6,7,8,3´,4´-

hexamethoxyflavone) isolated from Citrus fruits, first identified as a class of PMFs, along with 

other members of the flavonoid’s family such as baicalein, luteolin and daidzein. Its bioactivity 

depends on its chemical structure in which the C atoms of the two methoxy groups in the arene 

ring are in the same plane, whereas the C atoms of the four methoxy groups linking to the 

chromene ring are not in parallel (Huang et al., 2016). This conformational characteristic of chiral 

structure is indicated by the covalent bond rotation between the arene and the chromene rings 

and the conformational alternations of the methoxy groups (Huang et al., 2016; Noguchi et al., 

2016). Due to its structure and lipophilic nature, nobiletin is easily absorbed across the 

cytoplasmic membranes (facilitated diffusion system) (Figure 8); mechanism similar to that used 

by other flavonoid substances such as: luteolin, quercetin and tangeretin (Kimura et al., 2014; 

Singh et al., 2011). However, the details of its mechanisms of action are still unclear. Currently 

available studies regarding nobiletin have been performed on a pharmacological level in different 

cell types and animals (Table 1). 

Nobiletin has a broad range of biological effects including antioxidation (Choi et al., 2007) 

and cell cycle regulation (Huang et al., 2016; Lam et al., 2011; Wu et al., 2015). Studies carried out 

in cell lines culture have demonstrated that nobiletin can modulate signaling cascades, including 
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ERK1/2 and PI3K/AKT signaling pathways (Huang et al., 2016; Zhang et al., 2016), but the specific 

mechanism of action through these signaling pathways are not clear yet. Thus, more research on 

specific intracellular objectives is needed, especially for in vivo medical applications.  

 

 

Figure 8. Chemical structure and diffusion mechanism of nobiletin. Chemical structure of Nobiletin (a). 2D 
and (b). 3D. (c). Model of binding of nobiletin to the membrane and diffusion to the intracellular space 
through the lipid bilayer due to its lipophilic nature. Adapted and modified from Huang et al., 2016. 

 
 

Table 1. Biological effects of nobiletin on different cell types and animals 

Cell types/animals Biological functions References 

3T3-L1 preadipocytes 
Differentiation↑, p-CREB↓, lipid accumulation↓, 

GPDH↓, PPARγ↓ 
Choi et al., 2011 

3T3-F442A adipocytes 
Glucose uptake↑, PI3K/AKT↑, PKA/CREB 

signaling↑ 
Onda et al., 2013 

C6 glioma cells 
cellular proliferation↓, Ras activity↓, MEK/ERK 

signaling↓ 
Aoki et al., 2013 

HepG2 cells 
Insulin resistance↓, MAPK↑, LDLR↑, DGAT1/2↓, 

Cpt1α↑, β-oxidation↑ 
Mulvihill et al., 2011 

HFD-induced obese 
mice 

PPARα↑, TNFα↓, GLUT4↑, p-Akt↑ Lee et al., 2013 

HT22 cells 
p-p38↓, p-JNK↓, Bax↓, caspase-3↓, Bcl-2↑, 

apoptosis↓ 
Cho et al., 2015 

Human ovarian cancer 
cells 

HIF-1α↓, AKT↓, NF-κB↓, VEGF↓ Chen et al., 2015 

Mouse Leydig cells c-AMP/CREB↑, PDE↓, testosterone production↑ Horigome et al., 2016 
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PC12 cells 
c-FOS↑, CRE-dependent 

transcription↑, PKA/ERK/MEK/CREB↑ 
Kimura et al., 2014a 

Rats 
Hexokinase↑, succinate dehydrogenase↑, 

mitochondrial metabolism↑ 
Jojua et al., 2015 

Rat I/R injury cell death↓ CREB↑, Akt↑, Yasuda et al., 2014 

Rat primary astrocytes 
iNOS↓, NO production↓, NF-κB↓, p38-MAPK 

phosphorylation↓ 
Ihara et al., 2012 

U87, Hs683 glioma 
cells 

Cell viability↓, cyclin D1↓, E2 promoter-binding 
factor 1↓, CDK2↓, CDK4↓, p-PKB↓, p-p38 MAPK↓, 

p-ERK↓, p-JNK↓ 
Lien et al., 2016 

Zebrafish embryos and 
HUVECs 

G0/G1 arrest↑, apoptosis↓ Lam et al., 2011 

 

1.5.1.1. Nobiletin interaction with several signaling pathways 

All research on the interaction of nobiletin with several signaling pathways has been 

carried out in vivo in cell line cultures. One example of these interactions is in glioma cells where 

nobiletin inhibits the cellular proliferation through suppression of Ras activity and MEK/ERK 

signaling pathway, that may be related to downregulation of cyclin D1, CDK2, phosphorylation 

levels of p38 MAPK, ERK, and JNK (Aoki et al., 2013; Lien et al., 2016). It has also been shown that 

nobiletin regulates lipid and glucose metabolism, increases the expression of PPARα and PPARγ 

and upregulates the expression of GLUT4 and AKT phosphorylation (Huang et al., 2016; Lee et al., 

2013; Onda et al., 2013). In some cellular lines (PC-3 and DU-145 cells) nobiletin reduces cell 

viability and attenuates the expression of VEGF and NF-κB through downregulation of AKT/HIF-

1α signaling pathway (Chen et al., 2014) and in rat primary astrocytes cultures inhibits the 

expression of iNOS and suppresses Nf-kB signaling and p38-MAPK phosphorylation (Ihara et al., 

2012). In tumor cells derived from mouse testis, nobiletin enhances testosterone production 

through the activation of cAMP/CREB signalling by suppressing activation of cyclic nucleotide 

phosphodiesterase (Horigome et al., 2016). In ovarian cancer cells, nobiletin may significantly 

inhibit cell viability, proliferation, VEGF protein secretion and promotes cell cycle arrest at G0/G1 

phase through downregulation of ERK1/2 and cyclin D1 (Huang et al., 2016). In addition, 

promotes cell apoptosis through decreasing the expression of Bcl-xL, AKT, and mTOR (Chen et al., 

2015; He et al., 2015). Lam et al. (2011) demonstrated, for the first time, the potent anti-
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angiogenic activity of nobiletin through modulation of cell cycle and the VEGF-A pathway in 

zebrafish embryo. Also, showed that G1 arrest was slightly more pronounced in endothelial cells, 

possibly indicating a certain selectivity of nobiletin for this cell type, while the apoptosis pattern 

was not altered (Lam et al., 2011). These results of nobiletin on endothelial cells, are similar to 

that reported by Morley et al. (2007) in breast and colon cancer cell lines, where nobiletin and 

tangeretin treatments inhibited cancer cells proliferation with accumulation of cells in G1 phase 

without any effect on apoptosis. In in vitro studies, nobiletin has also been shown to suppress 

angiogenesis in human umbilical vein endothelial cells by inhibiting the phosphorylation of MEK 

(Miyata et al., 2008).  

After all, the biological effect of nobiletin, its association with different cellular signaling 

pathways, and its capacity of regulating specific genes expression needs to be studied in detail in 

order to understand the mechanism(s) of action and to identify target receptor molecules. 

1.5.1.2. Influence of nobiletin in the PI3K/AKT pathway and in embryo development 

So far, the only available report linking the effect of nobiletin with embryonic 

development has been on zebrafish, demonstrating that nobiletin caused overall growth arrest in 

these embryos by G1 cell cycle arrest points (Lam et al., 2011). On the other hand, Chen et al. 

(2015), revealed that nobiletin could modulate the progression of ovarian cancer cell lines 

(OVCAR-3 and CP-70) by PI3K phosphorylation through suppression or mutations in Ras or Raf 

activity, downregulation of cyclins, important factors during arrests at G0/G1 phase in cell cycle 

or MEK1 inhibition. In addition, studies with quercetin and naringenin (PMFs similar to nobiletin) 

showed the capacity of these flavonoids to partially protect embryonic development from 

oxidative damage in mouse embryos (Pérez-Pastén et al., 2010; Yu et al., 2014), or supports the 

migration of TE cells by PI3K/AKT signaling pathway (Lim & Song, 2016). 

 

Nevertheless, the mechanism by which nobiletin inhibits or modulates the 

PI3K/AKT/ERK signaling pathways is not fully understood and to date, there are no studies 

available on the possibly beneficial effects of nobiletin supplementation on mammalian 

preimplantation embryo development in vitro and on the quality of the produced blastocysts. 
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2. Justification and Objectives 

2.1. Justification  

IVP is a reproductive biotechnology used widely to increase the number of offspring from 

superior phenotypes, to treat infertility problems and also to address fundamental questions 

about endocrine control, molecular switches and metabolic pathways that modulate early 

embryonic development. However, IVP is a multifactorial process depending on extrinsic and 

intrinsic factors, which makes necessary research at cellular and molecular levels in order to 

increase its efficiency (Galli et al., 2003). Today the technique still has limitations, considering 

that not all oocytes have the ability to develop into a viable embryo after IVM, with only 30% to 

40% of mature oocytes reaching  the blastocyst stage (Rizos et al., 2002). Although a successful 

IVM involves a nuclear, cytoplasmic and molecular maturation, necessary for embryonic 

development (Coticchio et al., 2015), studies have shown that there are certain parameters that 

may be related with these low embryo production rates such as: oocyte morphology, metabolic 

pathways that modulate maturation and early embryonic development, quantitative changes of 

key genes related to quality and development and increase of ROS, the latter caused by the oxygen 

tension at which IVM is performed (Ambrogi et al., 2017).  

Another factor that could also be involved with the low production rates under in vitro 

conditions, is the alteration in the dynamics of embryonic development and the speed of cleavage 

during compaction, due to morphological and metabolic changes that occur in the first 4 days of 

development that coincides with the switch from maternal control to EGA (Gad et al., 2012; Graf 

et al., 2014). During EGA, an increase in intercellular adhesions and embryonic polarization also 

occurs, leading to the formation of the blastocyst, in which the ICM and TE cells are distinguished 

(Menchero et al., 2017), and which are important for embryo quality. Furthermore, it has been 

suggested that apart from the origin of the oocyte and the culture environment affecting EGA 

(Lonergan & Fair, 2008; Rizos et al., 2008), there is a complex network of signaling pathways 

responsible for cell division and differentiation, cytoskeletal rearrangements, cell proliferation 

and even the activation of other signaling pathways necessary for the embryo development, one 

of them being the pathway of MAPK and PI3K/AKT (Baran et al., 2013; Menchero et al., 2017). 

Evidence in mice showed that MAPK pathway has a key regulatory role of the cell cycle during 

meiosis, as well as for the development from 8-16 cell to blastocysts by regulation of filamentous 

actin (Natale et al., 2004). However, the same group demonstrated that bovine embryos require 

both p38 MAPK and ERK signalling for their development to the blastocyst stage (Madan et al., 

2005). Instead the PI3K/AKT signaling pathway is fundamental in cell proliferation, survival, 

migration and metabolism and its inhibition can cause a significant delay in blastocyst hatching 
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(Manning & Cantley, 2007; Riley et al., 2005; Zhang et al., 2007). Cecconi et al. (2010) 

demonstrated in a mouse study that AKT is expressed from 1-cell stage to morula on cell surface, 

while at blastocyst stage is present in the TE cells. Recently, it was confirmed that AKT may be 

indispensable for the first cell lineage differentiation of mouse (Xu et al., 2019) and in cattle it has 

been shown that inhibition of AKT signaling reduces the developmental competence of early 

bovine embryos suggesting a potential requirement of AKT for bovine early embryonic 

development (Ashry et al., 2018).  

In this context, to improve developmental rates in vitro and the quality of produced 

blastocysts, several studies have proved the addition of different types of natural antioxidants 

such as: resveratrol, crocetin or ascorbic acid (Mishra et al., 2016; Rocha-Frigoni et al., 2016). The 

use of antioxidants of plant origin (phenolic compounds, including flavonoids) has been 

implemented successfully in male and female animal reproduction (Zhong & Zhou, 2013) as well 

as in IVP by improving mitochondrial function in oocytes and embryos (Ambrogi et al., 2017; Yu 

et al., 2014) promoting the expansion of CCs (Tao et al., 2010), enhancing embryo development 

and quality of the produced blastocysts through the interaction with genes related to metabolism, 

cell division and apoptosis (Bax, Blc-2, Oct-4, IGF-1, GPx4, SOD1)(Torres et al., 2018; 2019). Some 

flavones, such as naringenin and nobiletin, have been shown to play significant protective 

biological functions, including antioxidant properties, and it has been demonstrated that they 

interact with several signaling pathways (ERK, PI3K/AKT, CREB) to promote survival in various 

cell lines (Huang et al., 2016; Moosavi et al., 2015; Whitman et al., 2005), protect embryonic 

development from oxidative damage (Pérez-Pastén et al., 2010; Yu et al., 2014) or support 

migration of TE cells by PI3K/AKT signaling pathway (Lim & Song, 2016). Although there have 

been positive responses with the addition of antioxidant compounds in preimplantation 

embryonic development, it is not yet clear which antioxidant is the most effective in supporting 

the development and quality of bovine embryos without altering the activation of the signaling 

pathways or the EGA. 

Having said that, we are still far from a proper use of antioxidant substances 

supplementation to culture media in vitro and their effect on the activation of signaling pathways 

involved in early embryo development, which would improve our current IVP systems. Thus, the 

current challenge is the discovery of the most suitable antioxidant that could enhance the 

development of high-quality embryos in vitro.  

2.2. Objectives 

Nobiletin, a class of polymethoxylated flavone identified from the citrus peel (chemically 

known as 5,6,7,8,30,40 hexamethoxyflavone) interacts with several signalling pathways (ERK, 
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PI3K/AKT, CREB) to promote survival in various cell lines and has a broad range of biological 

effects, including cell cycle regulation, reduction of apoptosis and antioxidation, which are 

important for the success of oocyte maturation and early embryo development. Therefore, the 

main objective of this thesis is to study the effect of nobiletin during the maturation of 

oocytes and in the IVC during the two main phases of EGA for embryonic development and 

determine if its mechanism of action is related to the PI3K/AKT signalling pathway. To 

achieve this general objective, several specific objectives have been addressed to in three 

experiments: 

 

Experiment 1:  

In vitro maturation increases the production of ROS caused by the oxygen tension at 

which IVM is performed. Studies have demonstrated that the addition of natural antioxidants in 

IVM have increased embryonic development and improved blastocysts quality by reducing ROS 

levels. In recent years, there have been promising results with compounds of natural origin, 

however, it is not yet clear which antioxidant could be the most efficient to support the 

development, production, and quality of bovine embryos. Therefore, the objective of this study is 

to evaluate the antioxidant activity of nobiletin during IVM on matured bovine oocyte 

quality and its developmental competence. The parameters evaluated were: 

 Nuclear maturation (meiotic progression to M-II) 

 Cytoplasmic maturation: 

○ Cortical granules migration 

○ Mitochondrial activity and distribution pattern 

 Intracellular ROS and GSH levels 

 Steroidogenesis of cumulus cells 

 Oocyte developmental competence to blastocyst stage  

 Quantitative changes of gene expression in matured oocytes, their CCs and produced 

blastocysts 

 

Experiment 2:  

IVC of bovine blastocysts is one of the most important processes in the IVP, since post-

fertilization culture conditions can dramatically alter the quality of the embryos and can lead to 

a failed embryonic development, increasing ROS levels and altering the dynamics of embryonic 

development, since the first 4 days of preimplantation development are the most important ones 
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and they coincide with the change from maternal control to the activation of the EGA. In the 

bovine embryo, this occurs in two different forms: (i) minor EGA (MNEGA) (2 to 8 cell stage) where 

zygotes and early embryos are transcriptionally and translationally active; (ii) major EGA (MJEGA) 

(8 to 16 cell stage) that includes a gradual degradation of mRNA molecules of maternal origin and 

activation of transcription of the embryonic genome (Gad et al., 2012; Graf et al., 2014). However, 

for the embryos to be produced with good quality, different researchers have suggested that, in 

addition to the origin of the oocyte, the culture environment and the use of antioxidants, there is 

a complex network of signaling pathways responsible for cell division and differentiation and 

even some signaling pathways that may be activated by growth factors produced by the 

developing embryo itself during EGA. Therefore, the aim of this study is to evaluate whether 

supplementation of nobiletin to the in vitro culture medium during the two EGA phases 

improves embryonic development and blastocyst quality and if its action is related to the 

PI3K/AKT signalling pathway, in terms of: 

 Embryo development:  

○ Cleavage rate 

○ Blastocysts yield Day 7/Day 8 

 Embryo quality  

○ Lipid accumulation 

○ Mitochondrial activity 

○ Total cell numbers 

 Quantitative changes of key genes related to quality and development in 8-cell, 16-cell 

embryos and blastocysts. 

 Immunolocalization of phospho-AKT (p-AKT) level 

 Western blot analysis for AKT and p-AKT (Thr308/Ser 473). 

 

Experiment 3:  

During preimplantational embryo development, a variety of signaling pathways regulate 

and mediate cellular responses including cell proliferation, growth, and differentiation such as 

PI3K/AKT signaling pathway that regulates cell survival and proliferation in various cellular 

types. In recent years, several studies demonstrated that nobiletin has a broad range of biological 

effects including antioxidation (Choi et al., 2007) and is associated with modulation of some 

cellular signaling pathways (PI3K/AKT, ERK, NF-kB) that can regulate cell proliferation, cell 

survival and cell cycle progression through G0/G1 (Huang et al., 2016; Wu et al., 2015), but its 

molecular mechanism of action is still unclear. Therefore, the aim of this study is to establish 
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whether, when the AKT cascade is inhibited using inhibitors III and IV, nobiletin 

supplementation to the in vitro culture media during the minor (2 to 8-cell stage) or major 

(8 to 16-cell stage) phase of EGA is able to modulate the development and quality of bovine 

embryos. The parameters evaluated were: 

 Kinetics of embryo development  

 Quantitative changes of key genes related to quality and development  

 Immunolocalization of phospho-AKT (Thr308) 

 Analysis of phospho-rpS6 (phospho Ser235/236) level by western blot. 
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3. Materials and methods 

Unless stated otherwise, all chemicals were purchased from Sigma-Aldrich Corporation (St 

Louis, MO, USA) 

3.1. Oocyte collection and in vitro maturation 

Immature COCs were obtained by aspirating follicles (2 – 8 mm diameter) from the ovaries 

of mature heifers (i.e. at least one corpus luteum or remained scars from previous ovulations in one 

or both ovaries) collected at local slaughterhouses. Only oocytes with a compact, non-atretic 

cumulus of at least three layers and homogeneous cytoplasm (Class 1 and class 2 COCs) were 

selected and matured in groups of 50 COCs per well for 24 h in 500 µL of maturation medium, (TCM-

199) supplemented with 10% (v/v) FCS and 10 ng/mL epidermal growth factor at 38.5 °C under 

an atmosphere of 5% CO2 in air, with maximum humidity. 

3.1.1. Assessment of oocyte cytoplasmic maturation 

3.1.1.1. Cortical granules distribution  

Visualization of CGs distribution was performed according to Arias-Álvarez et al. (2009), 

with minor modifications. Briefly, in vitro matured COCs from each treatment were first suspended 

in 100 µL of PBS without calcium or magnesium supplemented with 0.1% polyvinylpyrrolidone 

(PVP) and their CCs were removed by gentle pipetting. Next, oocytes were treated with 0.5% (w/v) 

pronase to digest the zona pellucida. Zona-free oocytes were washed in PBS + 0.1% PVP three times 

and fixed in 4% (w/v) buffered neutral paraformaldehyde (PF) solution (pH 7.2 – 7.4) for 30 

minutes (min) at room temperature and then treated with permeabilization solution (0.02% v/v 

Triton X-100 in PBS + 1% BSA for 10 min). The oocytes were then treated for 30 min with blocking 

solution (7.5 % w/v BSA in PBS) and incubated in 100 µg/mL FITC-labeled Lens culinaris (LCA-

FITC, Vector Laboratories, Burlingame, USA) for 30 min at room temperature in a dark chamber. 

Following, oocytes were treated for 30 min with Hoechst 33342 (10 μg/mL) to evaluate nuclear 

maturation. After staining, oocytes were washed in PBS + 0.1% PVP, mounted in 3.8 μL of mounting 

medium between a coverslip and a glass slide and sealed with nail polish. Slides were examined 

using a laser-scanning confocal microscope (Leica TCS SP2) equipped with an argon laser excited 

at 488 nm and whose detection spectrum is 515 nm. 

CGs distribution was analyzed and classified as: non-migrated (CGs distributed throughout 

the cytoplasm); partially migrated (CGs dispersed and partly clustered throughout the cortical 

area); and migrated (small CGs arranged at the periphery or adjacent to the plasma membrane) 
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(Ferreira et al., 2009; Hosoe & Shioya, 1997). Simultaneously, oocytes were evaluated for nuclear 

maturation. 

3.1.1.2.  Mitochondrial distribution patterns and quantification of mitochondrial 

activity 

Briefly, in vitro matured COCs from each treatment were first suspended in 100 µL PBS + 

0.1% PVP and their CCs were removed by gentle pipetting. Next, oocytes were equilibrated for 15 

min in maturation medium and then placed in four-well culture plates containing 500 μL of 400 nM 

MitoTracker DeepRed (Molecular Probes, Eugene, USA) per well. The plates were incubated at 38.5 

°C, 5% CO2 in the dark, and humidified atmosphere for 30 min. The stained oocytes were washed 

twice in PBS + 0.1% PVP and fixed in 4% PF for 30 min at room temperature. Following, oocytes 

were treated for 30 min with Hoechst 33342 (10 μg/mL) for evaluating nuclear maturation. After 

that, oocytes were washed in PBS + 0.1% PVP, mounted in 3.8 μL of mounting medium between a 

coverslip and a glass slide and sealed with nail polish. Slides were examined using a laser-scanning 

confocal microscope (Leica TCS SP2) equipped with an argon laser excited at 644 nm with a 

detection spectrum of 625 – 665 nm. The format, laser, gain, and offset were kept constant for every 

sample. Serial sections of 5 µm were made for each oocyte and a maximum projection was 

accomplished for each. 

The distribution was classified as: non-migrated (when mitochondria were homogeneously 

distributed throughout the cytoplasm); partially migrated (mitochondria were heterogeneously 

distributed throughout the cytoplasm) and migrated (mitochondria were distributed with granular 

aggregations) (Ferreira et al., 2009; Lima et al., 2018; Zhang et al., 2018; Zhao et al., 2011). For the 

assessment of mitochondrial activity, the fluorescence signal intensity (pixels) was quantified. 

Images obtained were evaluated using the ImageJ program (NIH; http://rsb.info.nih.gov/ ij/), using 

the freehand selection tool. Fluorescence intensity in each oocyte was determined using the 

following formula: Relative fluorescence = integrated density (IntDen) - (area of selected oocyte x 

mean fluorescence of background readings). Fluorescence intensities are expressed in arbitrary 

units (a.u.) (Hamdi et al., 2018; Rocha-Frigoni et al., 2016). Simultaneously, these oocytes were 

evaluated for nuclear maturation. 

 3.1.2. Assessment of oocyte nuclear maturation 

Matured oocytes from all treatments stained for CGs distribution and mitochondrial 

distribution and activity were also stained with Hoechst 33342 solution (10 μg/mL of PBS) for 

nuclear chromosomal and polar body evaluation. Oocytes were classified as follows: immature 

oocytes comprising the stages of germinal vesicle (GV, nucleus well defined), germinal vesicle 
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breakdown (GVBD, chromosome condensation), metaphase-I (M-I, first metaphasic plate visible); 

and matured oocytes comprising the stage of metaphase-II (M-II, represented by the presence of 

the first polar body and/or the second metaphasic plate). Nuclear maturation was assessed under 

an epifluorescence microscope (Nikon 141731) equipped with a fluorescent lamp (Nikon HB-

10104AF) and UV-1 filter. Oocytes in M-II were considered as matured. 

3.1.3. Levels of reactive oxygen species and glutathione 

For evaluation of ROS and GSH, in vitro matured COCs, were first suspended in 100 µL PBS 

+ 0.1% PVP and their CCs were removed by gentle pipetting, then were incubated in four-well plates 

containing 500 μL of 10 µM of CellROX Deep Red Reagent (Invitrogen, Eugene, USA) for ROS and 20 

µM of CellTracker Fluorescent (Invitrogen) for GSH per well, at 38.5 °C, 5% CO2 in a dark and 

humidified atmosphere for 30 min. After staining, oocytes were washed twice with PBS+ 0.1% PVP, 

mounted in 3.8 μL of mounting medium between a coverslip and a glass slide, sealed with nail 

polish, and were imaged immediately using an epifluorescence microscope (Nikon 141731). 

Fluorescence emitted from the oocytes was captured using B-2E/C (ROS) and UV-2A (GSH) filters 

for ten seconds after exposure to UV light. The digital images were processed and analyzed using 

ImageJ. The relative ROS and GSH fluorescence intensity in each oocyte were assessed as described 

for the mitochondrial activity (Section 3.1.1.2). 

3.1.4. Steroidogenic production of estradiol and progesterone by cumulus cells 

Progesterone (P4) concentration was measured in spent maturation media by solid-phase 

radioimmunoassay method (RIA) using the methods as described by Santiago-Moreno et al. (2005). 

Aliquots of 100 µL were used in duplicate, then each of the samples was measured in the liquid 

Scintillation Counter (Tri-Carb® 2100TR) including the measurement of the standard curve. The 

intra-assay coefficient of variation was 11% and assay sensitivity was 0.4 ng/mL. Estradiol (E2) 

concentrations in spent maturation media were measured by a solid phase enzyme-linked 

immunosorbent assay (ELISA), based on the principle of competitive binding specific kit (DEH3355 

DEMEDITEC Diagnostics GmbH, Kiel, Germany) according to the manufacturer´s instructions. Intra-

assay coefficients of variation were 6%. Results are expressed as average E2 (pg/mL) and P4 

(ng/mL) concentrations produced by 50 COCs after the IVM period using 3 replicates. 

3.2. Sperm preparation and in vitro fertilization 

IVF was performed as described previously (Lopera-Vasquez et al., 2017). Briefly frozen 

semen straws (0.25 mL) from an Asturian Valley bull previously tested for IVF were thawed at 37 

ºC in a water bath for 1 min and centrifuged for 10 min at 280 × g through a gradient of 1 mL of 
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40% and 1 mL of 80% Bovipure (Nidacon Laboratories AB, Göthenborg, Sweden) according to the 

manufacturer´s instructions. The sperm pellet was isolated and washed in 3 mL of Boviwash 

(Nidacon Laboratories AB) by centrifugation at 280 × g for 5 min. The pellet was re-suspended in 

the remaining 300 µL of Boviwash. The final concentration of spermatozoa was adjusted to 1x106 

spermatozoa/mL. Gametes were co-incubated for 18 - 22 h in 500 µL fertilization media (Tyrode’s 

medium) with 25 mM bicarbonate, 22 mM sodium lactate, 1 mM sodium pyruvate and 6 mg/mL 

fatty acid-free BSA supplemented with 10 mg/mL heparin sodium salt (Calbiochem) in four-well 

cell culture plates in groups of 50 COCs per well under an atmosphere of 5% CO2 in the air, with 

maximum humidity at 38.5 °C.  

3.3. In vitro culture of presumptive zygotes 

At 18 - 22 h post-insemination (hpi), presumptive zygotes were denuded of CCs by vortexing 

for 3 min and then cultured in groups of 25 in 25 µL droplets of culture medium (SOF; (Holm et al., 

1999)) with 4.2 mM sodium lactate, 0.73 mM sodium pyruvate, 30 µL/mL BME amino acids, 10 

µL/mL minimum essential medium (MEM) amino acids and 1 µg/mL phenol red supplemented 

with 5% FCS under mineral oil (only Experiment 1) at 38.5 °C under an atmosphere of 5% CO2, 5% 

O2 and 90% N2 with maximum humidity. Due to the lipophilic nature of nobiletin in Experiments 2 

and 3, the embryos were cultured in a four-well dish containing 500 µL per well of culture medium, 

depending on the experiment, zygotes were cultured in SOF + 5% FCS, supplemented or not with 

nobiletin (Experiment 2) or supplemented with nobiletin, or AKT inhibitors, or nobiletin + AKT 

inhibitors (Experiment 3).   

3.3.1. Assessment of embryo development and quality 

3.3.1.1. Embryo development 

Depending on the experiment:   

-  Experiment 1: The cleavage rate was recorded at day 2 (48 hpi) and cumulative blastocyst 

yield were determined on Days 7 and 8 pi under a stereomicroscope. 

-  Experiment 2 and 3: Developmental rate was recorded at 54 hpi from MNEGA and MJEGA 

(≥8-cell) and at 96 hpi from MJEGA phase (≥16-cell). For both phases, cumulative blastocyst yields 

were recorded at Day 7, and 8 pi under a stereomicroscope.   

3.3.1.2. Embryo quality 

Only in Experiment 2, in blastocysts we assessed the lipid content and mitochondrial 

activity.  
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3.3.1.2.1. Lipid content quantification.  

Day 7 blastocysts (~30 per group) were simultaneously evaluated regarding quantity of 

lipid droplets and total cell number. Blastocysts were first suspended in 100 µL PBS without calcium 

or magnesium supplemented with 0.1% PVP. Next, blastocysts were fixed in 4% PF for 30 min at 

room temperature and permeabilized with 0.1% saponin for 30 min and stained for 1 h with 20 

μg/mL Bodipy 493/503. Cell nuclei were counterstained with Hoechst 33342 (10 μg/mL) for 30 

min, washes in PBS + 0.1% PVP three time for 5 minutes each and then mounted in 3.8 μL of 

mounting medium between a coverslip and a glass slide which was sealed with nail polish. Slides 

were examined using a laser-scanning confocal microscope (Leica TCS SP2) equipped with an argon 

laser excited at 488 nm and with an emission spectrum of 500 - 537 nm for visualization of lipid 

droplets. All images were captured using the same parameters, performing sequential acquisition. 

The lipid quantification in blastocysts was obtained by analysis of the total area of lipids 

in each blastocyst and obtaining the average of three sections. We captured three images of each 

blastocyst: one in the middle of the blastocyst (the image with largest diameter) and the other 

two in the middle of the resulting halves. We used a 63× objective at a resolution of 1024 × 1024 

and images were analyzed used the ‘nucleus counter’ tool, set to detect, distinguish and quantify 

droplet areas with the ImageJ program. For blastocysts, lipid quantity was corrected by area, to 

account for varying blastocyst sizes. After verification of a significant correlation (r2 = 0.84 and P 

< 0.0001 by Pearson’s correlation test) between lipid quantity of three sections in 30 blastocysts 

(10 per group) we chose the section with the largest area per embryo to be analyzed (Collado et 

al., 2015). Simultaneously, the number of cells per blastocyst was determined by counting the 

Hoechst-stained cells under an epifluorescence microscope (Nikon 141731) equipped with a 

fluorescent lamp (Nikon HB-10104AF) and UV-1 filter. 

3.3.1.2.2. Mitochondrial activity measurement  

The mitochondrial activity in the blastocysts were assessed as described for the 

mitochondrial activity (Section 3.1.1.2). 

3.3.1.2.3. Differential staining of blastocysts 

Only in Experiment 3c, differential staining of ICM and TE cells was carried following the 

procedures of Bermejo-Alvarez et al. (2012) with minor modifications. Blastocysts from all 

experimental groups (Control; CDMSO; Inh III; Inh IV; Nob; Nob+Inh III; and Nob+Inh IV) had their 

zona removed with 0.5% (w/v) pronase in PBS. Zona-free embryos were washed in PBS three 

times and were then fixed in 4% PF in PBS supplemented with 1% BSA (PBS+1% BSA) for 10 min 
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at room temperature. After fixation, embryos were washed three times in PBS+1% BSA and kept 

in that medium at 4 ºC until analysis. For immunostaining, cells were permeabilized in PBS + 5% 

goat serum (IF buffer) with 1% Triton X-100 for 45 min at room temperature. Blastocysts were 

then incubated overnight at 4 ºC in primary antibody solution consisting of PBS+1% BSA, 20% IF 

buffer and 1:1000 mouse monoclonal anti-CDX2 antibody (Biogenix, Fremont, CA, USA). 

Following incubation, blastocysts were washed twice in PBS+1% BSA and incubated in the 

secondary antibody solution consisting of PBS+1% BSA, 20% IF buffer, 1:3000 Alexa Fluor goat 

anti mouse 488 (Invitrogen, Grand Island, NY, USA) and Hoechst 33342 (10 μg/mL) for 2 h at 

room temperature. Finally, embryos were washed three times in PBS+1% BSA and mounted in 

3.8 μL of mounting medium between a coverslip and a glass slide and sealed with nail polish. 

Stained blastocysts were analyzed by widefield fluorescence microscope ith structured 

illumination (ApoTome, Zeiss Microscopy GmbH, Jena, Germany). Z-stack sections of 5 µm were 

taken in the 405 nm (Hoechst positive cells, total cell number) and 488 nm (CDX2-positive cells, 

TE cells) channels. Images obtained were evaluated using the ImageJ program (NIH, ImageJ 

version 1.52k software (http://rsbweb.nih.gov/ij/)). 

3.3.2. Gene expression analysis 

For the gene expression analysis, the following groups of samples are prepared according 

to the experiment: 

 Experiment 1: three pools of 10 oocytes and their corresponding CCs and Day 7 

blastocysts per treatment group.  

 Experiment 2a: three independent pools of 10 embryos per stage (8-cell, 16-cell, and Day 

7 blastocyst) obtained from each experimental group cultured with or without nobiletin 

during MNEGA or MJEGA). 

 Experiment 3b: Embryos of 8-cell (MNEGA) and embryos of 16-cell (MJEGA), were 

collected in three pools of 10 per treatment group,  

 

Poly(A) RNA was extracted using the Dynabeads mRNA Direct Extraction Kit (Ambion; 

Thermo Fisher Scientific) with minor modifications (Bermejo-Álvarez et al., 2008). Immediately 

after poly(A) RNA extraction, reverse transcription (RT) was performed using an Moloney murine 

leukemia virus (MMLV) Reverse Transcriptase 1st-Strand cDNA Synthesis Kit according to the 

manufacturer’s instructions (Epicentre Technologies Corp, Madison, WI, USA). Tubes were 

heated to 70 ºC for 5 min to denature the secondary RNA structure, allowing Poly(T) random 

primers and Oligo dT annealing, and the RT mix was then completed by adding 0.375 mM dNTPs 
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(Biotools, Madrid, Spain), 6.25 U RNAsin RNAse inhibitor (Promega, Madison, WI, USA), MMLV 

HP RT 10x reaction buffer, 5 mM DTT and 5 U MMLV high-performance reverse transcriptase 

(Epicentre Technologies Corp, Madison, WI, USA). Samples were incubated at 25 ºC for 10 min, 

and then at 37 ºC for 60 min, to allow the RT of RNA, and finally at 85 ºC for 5 min to denature the 

enzyme. All mRNA transcripts were quantified in duplicate using a Rotorgene 6000 Real-Time 

Cycler (Corbett Research, Sydney, Australia). RT–quantitative polymerase chain reaction (qPCR) 

was performed by adding a 2 µL aliquot of each cDNA sample (〜60 ng µL-1) to the PCR mix 

(GoTaq qPCR Master Mix, Promega) containing specific primers to amplify the genes of interest. 

Primer sequences are provided in Table 2. The selection of genes to be evaluated was carried out 

considering expression of key genes in preimplantation embryonic development. All primers 

were designed using Primer-BLAST software (http://www.ncbi.nlm.nih.gov/tools/primer-

blast/) to span exon-exon boundaries when possible. For quantification, RT-qPCR was performed 

as described previously (Bermejo-Alvarez et al., 2010). The PCR conditions were tested to achieve 

efficiencies close to 1. Relative expression levels were quantified by the comparative cycle 

threshold (CT) method (Schmittgen & Livak, 2008). Values were normalized using two 

housekeeping genes: H2AFZ and ACTB. Fluorescence was acquired in each cycle to determine the 

threshold cycle or the cycle during the log-linear phase of the reaction at which fluorescence 

increased above background for each sample. Within this region of the amplification curve, a 

difference of one cycle is equivalent to a doubling of the amplified PCR product. According to the 

comparative CT method, the ΔCT value was determined by subtracting the mean CT value of the 

two housekeeping genes from the CT value of the gene of interest in the same sample. The 

calculation of ΔΔCT involved using the highest treatment ΔCT value (i.e. the treatment with the 

lowest target expression) as an arbitrary constant to subtract from all other ΔCT sample values. 

Fold-changes in the relative gene expression of the target were determined using the formula 2-

ΔΔCT. 

Table 2. Primers used for RT-qPCR 

Gene symbol Primer sequence (5’- 3’) 
Fragment 
size (bp) 

GenBank accession 
number 

ABCB1 
GAAACGAAGTTAAGATCTTGAAGGGCC 

CCGTCGATACTGACCATGCCC 
153 XM_024991021 

ACTB 
GAGAAGCTCTGCTACGTCG 
CCAGACAGCACCGTGTTGG 

264 AF191490.1 

BCL2 
TGGAGCAGGTGCCTCAGGA 

ATCTCGAAGGAAGTCCAGCGTC 
300 NM_001166486.1 

BMP15 
ATCATGCCATCATCCAGAACC 
TAAGGGACACAGGAAGGCTGA 

72 
 

NM_001031752.1 



 Materials and methods 
 
 

52 
 

BMP7 
AACCATGCCATCGTGCAGACGC 
AAGCCCGGACAACCATGTTTGC 

250 NM_001206015.1 

CDH1 
GATTGCAAGTTCCCGCCATC 
ACATTGTCCCGGGTGTCATC 

144 NM_001002763 

CDK2 
TCTTTGCTGAGATGGTGACCC 
GTTAGGGTCGTAGTGCAGCAT 

242 NM_001014934.1 

CDX2 
ATCACCATCCGGAGGAAAGC 
CTCATGGCTCAGCCTGGAAT 

333 NM_001206299.1 

CHD1 
AACGGCAGGAATCCCAGAAT 
AATAACTGTCCCTGCTGCTGT 

123 XM_019965464.1 

CLIC1 
CCATTCCGGATGTGTTTCGTGG 
GAAACCACCCAGGGCCTTTGTG 

196 NM_001015608.1 

CYP51A1 
GGCCCAAGGTGATTTCCATTTC 
CTCCCAAGAAACCCTGCACTGG 

168 BC149346.1 

DNMT3B 
AGGGAGTCGACAGCCTAATCA 
CTCTTGGACAGTCGTGAGCTT 

202 NM_181813.2 

FOSL1 
CTCTCCTACTACCACTCACC 
GTACTAGCCATTGTAGGTCC 

153 NM_182786.2 

GAPDH 
ACCCAGAAGACTGTGGATGG 
ATGCCTGCTTCACCACCTTC 

247 BC102589 

GDF9 
AGCGCCCTCACTGCTTCTATAT 
TTCCTTTTAGGGTGGAGGGAA 

80 NM_174681.2 

GJA1 
TGCCTTTCGTTGTAACACTCA 
AGAACACATGAGCCAGGTACA 

142 NM_174068.2 

GPX1 
GCAACCAGTTTGGGCATCA 

CTCGCACTTTTCGAAGAGCATA 
116 NM_174076.3 

H2AFZ 
AGGACGACTAGCCATGGACGTGTG 
CCACCACCAGCAATTGTAGCCTTG 

212 NM_016750 

H3-3A 
TTTTTCCATGGGGTCAAAAG 

TGGAAAAACTGCCAATACCTG 
96 NM_001014389.2 

H3-3B 
GTGGTGGGGAGTGTTGTCTT 
AACGCGCAAAGCATTTTACT 

99 NM_001242571.2 

IGF2R 
GCTGCGGTGTGCCAAGTGAAAAAG 

AGCCCCTCTGCCGTTGTTACCT 
201 NM_174352.2 

KLF4 
AGGTGAGAAACCTTACCACTG 
CCATGATTGTAGTGCTTTCCA 

291 NM_001105385.1 

MAPK1 
GTCGCCATCAAGAAAATCAGC 
GGAAGGTTTGAGGTCACGGT 

308 
NM_175793 
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NFE2L2 
CAGGACATTGAGCAAGTTTGG 
GTGGAAAGGATGCTGTTGAAG 

234 NM_001011678.2 

POU5F1 
CGAGTATCGAGAACCGAGTG 
CAGGGTTCTCTCCCTAGCTC 

440 NM_174580.1 

PPARα 
CAACCCGCCTTTCGTCATCCAC 
TCCGCCTCCTTGTTCTGGATGC 

102 NM_001034036.1 

PPARGC1A 
AAAAGCCACAAAGACGTCCG 
TCTGCTGCTGTTCCGGTTCT 

111 NM_177945 

RPS6KB1 
GGGATAGAGCAGATGGACGTG 
TGGTCGTTTGGAGATCATGGG 

117 NM_205816.1 

SOD2 
GCTTACAGATTGCTGCTTGT 
AAGGTAATAAGCATGCTCCC 

101 S67818.1 

TEAD4 
AGTTCTCTGCCTTCTTGGAGC 
TTCTTCTCGGGGAACTTGTCG 

151 XM_010805630.3 

 

3.3.3. Immunofluorescence of phosphorylated-AKT (p-AKT)  

Immunolocalization of p-AKT was performed depending the experiment in:   

 Experiment 2a: Day 7 blastocysts (n=10 per group)  

 Experiment 3a: 8-cell (n=15 per group), 16-cell embryos (n=15 per group), and Day 7 

blastocysts (n=10 per group) 

Immunolocalization of p-AKT was performed according to López-Cardona et al. (2016) 

with minor modifications. Samples were washed twice with PBS + 0.1% PVP and fixed in 4% PF 

for 10 min at room temperature. Next, they were permeabilized by incubation in PBS with 10% 

FCS and 1% Triton X-100 for 45 min at room temperature. After permeabilization, samples were 

incubated overnight at 4 ºC in PBS + 0.1% PVP and 5% FCS and 1:100 rabbit polyclonal antibody 

against p-AKT (Thr308/Ser473) (D9E) XP® Rabbit mAb (Cell Signaling Technology, #4060). 

Following incubation, samples were washed twice in PBS + 0.1% PVP and incubated in PBS 

supplemented with 5% FCS and 1:250 goat anti-rabbit polyclonal antibody Alexa Fluor 488-

conjugate (Molecular Probes, Eugene, OR, USA), for 2 h at room temperature followed by washing 

again three times in PBS + 0.1% PVP. In all cases, nuclei were stained with Hoechst 33342 (10 

μg/mL). Finally, samples were mounted in microdrops with Fluoromount G (EMS, Hatfield, UK) 

and examined by an apotome microscopy (Leica TCS-SPE). Negative control was prepared to omit 

the primary antibody before adding the secondary antibody.  
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3.3.4. Western blot analysis 

To investigate the effect of nobiletin during IVC on AKT phosphorylation, in bovine 

embryos the following groups of samples are prepared according to the experiment: 

 Experiment 2c: Day 7 blastocysts (n=20 blastocysts/group, n = 3 replicates/EGA phase) 

were collected and subjected to western blott analysis for: (i) total (t)AKT; (ii) p-AKT 

(residues: Thr308 and Ser473) and (iii) actin as loading control. 

 Experiment 3d: Embryos of 8-cells and 16-cells (MNEGA and MJEGA, respectively) (n=30 

embryos/treatment, n=3 replicates/EGA phase) were collected and subjected to western 

blot analysis for p-rpS6 and (iii) actin as loading control. 

 

The western blot analysis was performed as described previously by Ashry et al. (2015) 

with minor modifications. Samples were lysed in 1× RIPA buffer (150 mM NaCl, 1% Triton X-100, 

0.5% sodium deoxycholate, 0.1% SDS, and 50 mM Tris [pH 7.6]), supplemented with 1× protease, 

phosphatase Inhibitor Cocktail (Roche, Basel, Switzerland), for 1 h at 4 ºC. The samples were 

mixed with 1× sample buffer and then denatured at 95 ºC for 10 min. Proteins were resolved by 

SDS-PAGE (12% acrylamide gel loading 45 µL of total protein per well) and transferred onto a 

nitrocellulose membrane for immunoblotting following standard procedures. After the transfer, 

membranes were blocked for 30 min in 3% BSA in PBS + 0.1% Tween-20 (PBS-T) at room 

temperature, and was incubated overnight at 4 ºC with AKT rabbit polyclonal antibody [1:1000 

(Vol:Vol), Cell Signaling Technology, #9272S]; or p-AKT (Thr308) polyclonal antibody [1:1000 

(Vol:Vol), Cell Signaling Technology, #9275S]; or p-AKT (Ser473) polyclonal antibody [1:1000 

(Vol:Vol), Cell Signaling Technology, #9271S] (Experiment 2c) and p-rpS6 (phospho Ser235/236) 

rabbit polyclonal antibody [1:1000 (Vol:Vol), GeneTex Inc., Irvine, USA, GTX130430] (Experiment 

3d). Then, incubation with the secondary antibody goat anti-rabbit IgG-HRP [1:2500 (Vol:Vol), 

Cell Signaling Technology, #7074S] was conducted for 2 h at room temperature revealed by 

Enhanced Chemiluminescence kit (RPN2109, ECLTM, Amersham GE Healthcare) and detected by 

an ImageQuant LAS 500 chemiluminescence CCD camera (GE Healthcare Life Sciences, USA, 

29005063). The monoclonal anti-β-actin−peroxidase antibody produced in mouse was used as 

the loading control. 

 

For this purpose, after the chemiluminescent detection of the phosphorylated antibody, 

membranes were stripped by washing extensively in TBS-T, three times for 10 minutes each, and 

repeating the blocking step, and then the membranes are re-probed with anti-actin antibody or 

the other antibodies. In all cases, intensities of protein bands ((optical density (OD)) were 
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quantified by ImageJ software and normalized relative to the abundance of actin in each lane; the 

ratio of the OD of the protein concerned (AKT/p-AKT or rpS6) in relation to actin is presented in 

the form of bar charts. 

3.4. Statistical Analysis 

All statistical tests were performed using the software package SigmaStat (Systat 

Software Inc., San Jose, CA, USA). Nuclear maturation, CG and mitochondrial distribution patterns, 

mitochondrial activity, ROS and GSH measurements, steroidogenic production, cleavage rate, 

blastocysts yield, lipid content, number of cells, embryo cell number (ICM, TE) and relative mRNA 

abundance were normally distributed with homogeneous variance, so one-way analysis of 

variance (ANOVA), with arcsine data transformation, followed by Tukey´s test, was performed to 

evaluate the significance of differences between groups. For lipid quantification in blastocysts, 

the correlation was determined by Pearson’s correlation coefficient test. Values were considered 

significantly different at P<0.05. Unless otherwise indicated, data are presented as the mean ± 

s.e.m.  
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3.5. Experimental design 

3.5.1. Experiment 1: Effect of nobiletin supplementation in IVM of bovine oocytes 

and their developmental competence and quality of produced blastocysts 

In this experiment the developmental capacity of bovine zygotes and the quality of the 

produced embryos were assessed on Day 7-8 after in vitro maturation of the oocytes under the 

following conditions: TCM-199 + 10% FCS + 10 ng/mL EGF (Control group) (used as a basic 

medium for the remaining groups) supplemented either with 10, 25, 50 and 100 µM nobiletin 

(MedChemExpress, MCE, Sweden); (Nob10, Nob25, Nob50 and Nob100, respectively) or dimethyl 

sulfoxide (DMSO control (CDMSO), 0.01% DMSO vehicle for nobiletin dilution) (For details see 

Figure 9). The concentration of nobiletin was based on the findings of other studies in which this 

polymethoxylated flavonoid was used in vivo in zebrafish and chick embryos and in vitro in human 

umbilical vein, showing an anti-angiogenic activity at concentrations between 30 and 100µM 

(Kunimasa et al., 2010; Lam et al., 2011; Qu et al., 2018). 

After 24 h of IVM, matured COCs under different conditions were employed to evaluate: 

nuclear maturation (Control: n=117; CDMSO: n=122; Nob10: n=133; Nob25: n=146; Nob50: 

n=149; Nob100: n=144), mitochondria distribution patterns and mitochondrial activity (Control: 

n=59; CDMSO: n=56; Nob10: n=61; Nob25: n=76; Nob50: n=71; Nob100: n=74), CGs migration 

(Control: n=58; CDMSO: n=66; Nob10: n=72; Nob25: n=70; Nob50: n=78; Nob100: n=70), levels of 

ROS and GSH (Control: n=54; CDMSO: n=48; Nob10: n=50; Nob25: n=47; Nob50: n=53; Nob100: 

n=49). For all consecutive experiments, overall cleavage rate was recorded at 48 hpi and 

blastocyst development was recorded on Day 7 and 8 pi. For mRNA abundance of selected genes 

(oocytes, their CCs and blastocysts Day 7), pools of 10 per treatment group were collected (three 

replicates), were washed in fresh PBS and snap frozen in LN2 and stored at -80 ºC until mRNA 

extraction. In addition, the spent maturation media of three replicates were collected and P4 and 

E2 concentration was measured by solid-phase radioimmunoassay method (RIA) and ELISA (P4 

and E2, respectively). 

A total of eight replicates were carried out.  
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Figure 9. Experimental design of Experiment 1 

 

3.5.2. Experiment 2: Development and quality in bovine embryos cultured in vitro 

with nobiletin at key periods of embryo development: minor (2 to 8-cell stage; MNEGA) or 

major (8 to 16-cell stage; MJEGA) phase of EGA 

Because there are no data in the literature regarding the use of nobiletin during bovine 

IVC, it was necessary to perform preliminary experiments to determine the optimum 

concentration of nobiletin and corroborate if the same concentrations used in maturation media 

could be effective in the supplementation of embryo culture media.  

3.5.2.1. Experiment 2a: Effect of nobiletin on early embryo development in vitro 

In this experiment, the effect of nobiletin supplementation on embryo development 

during two developmental periods: (a) MNEGA: from 2-cell to 8-cell stage; and (b) MJEGA: from 8-

cell to 16-cell stage; was determined by evaluating the cleavage rate at 54 hpi and blastocysts 

yield at Days 7 and 8 (Figure 10).  

For this purpose, presumptive zygotes/embryos from 2- to 8- cell stage (MNEGA: 21-54 

hpi) or embryos from 8- to 16-cell stage (MJEGA: 54 - 96 hpi) were cultured in SOF + 5% FCS alone 

(Control: n=730 and 621 for MNEGA and MJEGA respectively) or supplemented with 5, 10 or 25 

µM nobiletin (Nob5: n=757 and 518; Nob10: n=695 and 553; and Nob25: n=521 and 424 for 
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MNEGA and MJEGA respectively), or 0.03% DMSO (CDMSO: n=695 and 622 for MNEGA and MJEGA 

respectively). For MJEGA phase groups, embryo culture until 8-cell stage (21-54 hpi) was 

performed in SOF + 5% FCS. At 54 hpi (MNEGA - Control: n=388; Nob5: n=386; Nob10: n=352; 

Nob25: n=254; CDMSO: n=368) or 96 hpi (MJEGA- Control: n=331; Nob5: n=315; Nob10: n=347; 

Nob25: n=210; CDMSO: n=331), embryos that reached the 8- or 16- cell stage, respectively, were 

transferred to SOF + 5% FCS and cultured until Day 8, maintaining the different experimental 

groups separately (Figure 10). Embryos were cultured in groups of 50 under an atmosphere of 

5% CO2, 5% O2 and 90% N2 at 38.5 ºC. 

Considering that during the experiment it was necessary to preselect the embryos at 

different stages of development, the developmental parameters were calculated as follows: (I) 

developmental rate at 54 hpi: percentage of presumptive zygotes that developed to the 8-cell 

stage; (II) developmental rate at 96 hpi: percentage of selected 8-cell embryos at 54 hpi that 

developed to the 16-cell stage; and (III) blastocyst yield: percentage of selected 8-cell embryos 

(54 hpi) or 16-cell embryos (96 hpi) that continued in culture and developed to the blastocyst 

stage at Day 7 and Day 8. A representative number of 8-cell (MNEGA), 16-cell (MJEGA), and Day 7 

blastocysts from both phases for each experimental group were frozen in liquid nitrogen (LN2) in 

three groups of 10 and stored at - 80 ºC for gene expression. 

Additionally, Day 7 blastocysts from both phases were either: (i) stained with 

MitoTracker DeepRed, Bodipy and Hoescht to evaluate mitochondrial activity, lipid content and 

total cell number, respectively (n≈30 per group); (ii) fixed in 4% PF for immunolocalization of p-

AKT (n=10 per group); or (iii) frozen in LN2 and stored at - 80 ºC for western blotting analysis of 

total and p-AKT (n=60 per group). 

Twelve and ten replicates for MNEGA and MJEGA phases, respectively, were performed 

under the same assay conditions.  

Only the experimental groups that showed higher blastocyst yield in this experiment 

(Nob5 and Nob10) in comparison with both control groups (Control and CDMSO) were used for 

experiment 2b and 2c. 
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3.5.2.2. Experiment 2b: Effect of nobiletin on the quality of in vitro produced 

blastocysts 

To evaluate blastocyst quality of embryos produced in vitro with or without nobiletin 

supplementation during MNEGA or MJEGA, a representative number of Day 7 blastocysts (n≈30 

per group/Experiment 2a) were stained with MitoTracker DeepRed, Bodipy and Hoescht to 

evaluate mitochondrial activity (intensity recorded in arbitrary units (a.u)), lipid content (lipid 

droplet area in μm2) and total cell number, respectively. Blastocysts were examined using a laser-

scanning confocal microscope or epifluorescence microscope and images obtained were 

evaluated using the ImageJ program.  

To evaluate if nobiletin induces changes in the expression levels of genes related to 

embryo development and quality, three independent pools of 10 embryos per stage (8-cell, 16-

cell, and blastocyst) obtained from each experimental group cultured with or without nobiletin 

during MNEGA or MJEGA (Experiment 2a), were used for gene expression analysis by qRT-PCR 

according to the procedures described above.  

The selected genes have been linked to embryonic development and are essential in cell 

proliferation, differentiation, and embryo quality, such as PPARG coactivator 1 alpha 

(PPARGC1A); Peroxisome Proliferator-Activated Receptor Alpha (PPARα); Ribosomal Protein S6 

Kinase Beta-1 (RPS6KB1); Cyclin Dependent Kinase 2 (CDK2); H3 Histone Family Member 3B (H3-

3B) and H3 Histone Family Member 3A (H3-3A), including Nuclear Factor Erythroid 2-Like 2 

(NFE2L2) and Glutathione Peroxidase 1 (GPX1) related with oxidative stress. 

3.5.2.3. Experiment 2c: Nobiletin effect on the AKT pathway in blastocysts 

produced in vitro  

To assess if nobiletin can interact with AKT pathway during in vitro embryo development, 

Day 7 blastocysts (n=10 - Experiment 2a) from each group were stained with p-AKT 

(Thr308/Ser473) for immunolocalization. To evaluate the phosphorylation level of AKT (Thr308 

and Ser473), Day 7 blastocyst (n=30 - Experiment 2a) from each group were frozen in LN2 for 

western blot analysis. 
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Figure 10. Experimental design of Experiment 2. 
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3.5.3. Experiment 3: Analysis of functional role of AKT signaling pathway by use of 

AKT inhibitors III or IV in bovine embryos and relationship between AKT signaling and 

nobiletin at key periods of bovine embryo development: MNEGA (2 to 8-cell stage) or MJEGA 

(8 to 16-cell stage) phase of EGA. 

Considering there are few studies regarding the use of inhibitors of AKT pathway in 

bovine embryos, it was necessary to perform a preliminary experiment to determine the 

optimum concentration of AKT inhibitors during embryo culture. This experiment was also 

carried out during two phases of EGA (MNEGA and MJEGA) to determine if AKT inhibitor III (ALX-

270-350 - Enzo Life Sciences, Farmingdale, NY), or AKT inhibitor IV (Sigma, 124,011-1MG), had a 

deleterious effect on early embryonic development and if nobiletin can counteracts these 

inhibitory effects.  

Preliminary Experiment: Establishment of optimal AKT inhibitors III and IV 

concentration to prevent early embryo development in vitro 

The optimal concentration of AKT inhibitors in in vitro culture media, under our 

experimental conditions, preventing early embryo development was established based on 

previous studies (Aparicio et al., 2010; Ashry et al., 2018). 

In this preliminary experiment, presumptive zygotes from two individual replicates were 

cultured in SOF + 5% FCS alone (Control: n=100 for Inh III and n=100 for Inh IV) or supplemented 

with 75 µM (n=87), 50 µM (n=95) and 25 µM (n=91) AKT Inhibitor III (Inh III) or 3.5 µM (n=99), 

2.5 µM (n=95) and 1.5 µM (n=95) AKT Inhibitor IV (Inh IV), or 0.03% DMSO (CDMSO: n=98 for Inh 

III and n=99 for Inh IV) until Day 8. Embryos were cultured in groups of 50 under an atmosphere 

of 5% CO2, 5% O2 and 90% N2 at 38.5 ºC. 

The developmental parameters were calculated as follows: (I) developmental rate at 54 

hpi: percentage of presumptive zygotes that developed to the 8-cell stage; (II) developmental rate 

at 96 hpi: percentage of selected 8-cell embryos at 54 hpi that developed to the 16-cell stage; and 

(III) blastocyst yield: percentage of selected 8-cell embryos (54 hpi) or 16-cell embryos (96 hpi) 

that continued in culture and developed to the blastocyst stage at Day 7 and 8.  

For Inh III, the development at 54 hpi (≥ 8-cell stage), 96 hpi (≥ 16-cell stage) and Day 8 

(blastocyst yield) for all concentrations used was lethal (0.0%), while in both controls was the 

expected (≈64.5%; ≈69.0%; and ≈41.5%, respectively). For Inh IV none of the concentrations used 

showed any effect either at 54 hpi (range of ≥ 8-cell stage: 64.2 - 66.7%), 96 hpi (range of ≥ 16-
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cell stage embryos: 65.1 - 70.5%) or Day 8 (range of blastocyst yield: 41.3 - 41.9%) being similar 

to both controls (≈64.5%; ≈70.0%; and ≈41.0%, respectively).  

Concerning the above, in a following up experiment we had either to decrease the 

concentration of Inh III or increase the concentration of Inh IV. Therefore, presumptive zygotes 

from three individual replicates were cultured in SOF + 5% FCS alone (Control: n=151 for Inh III 

and n=153 for Inh IV) or supplemented with 15 µM (n=174), 7.5 µM (n=154) and 3.5 µM (n=153) 

Inh III or 10 µM (n=152), 7.0 µM (n=124) and 5 µM (n=138) Inh IV, or 0.03% DMSO (CDMSO: n=149 

for Inh III and n=152 for Inh IV) until Day 8. Embryos were cultured in groups of 50 under an 

atmosphere of 5% CO2, 5% O2 and 90% N2 at 38.5 ºC. 

The development at 54 hpi (≥ 8-cell stage), 96 hpi (≥ 16-cell stage) and Day 8 (blastocyst 

yield) was reduced with 15 µM Inh III (55.2%; 40.6%; and 20.5% respectively) compared to 7.5 

µM Inh III (62.3%; 58.3%; and 35.7%, respectively), 3.5 µM (62.1%; 65.3%; and 40.3%, 

respectively), Control (64.9%; 69.4%; and 41.2%, respectively) and CDMSO (65.8%; 70.4%; and 

40.6%, respectively). Similarly, the development at 54 hpi (≥ 8-cell stage), 96 hpi (≥ 16-cell stage) 

and Day 8 (blastocyst yield) was reduced with 10 µM Inh IV (55.3%; 45.2%; and 18.4% 

respectively) compared to 7.0 µM Inh IV (63.7%; 64.6%; and 35.3%, respectively), 5 µM (65.2%; 

65.6%; and 37.3%, respectively), Control (66.7%; 70.6%; and 40.3%, respectively) and CDMSO 

(66.4%; 69.3%; and 40.0%, respectively). 

Consequently, concentrations of 15 µM Inh III and 10 µM Inh IV were used in the following 

experiments to inhibit AKT activity in bovine embryos in vitro. 

3.5.3.1. Experiment 3a: Effect of AKT inhibitors III and IV on early embryo 

development and their AKT phosphorylation 

AKT inhibitor III, known as SH6, is a cell-permeable reversible substrate competitive 

phosphatidylinositol analog that prevents the generation of PIP3 by PI3K which is required for 

AKT phosphorylation. AKT inhibitor IV is a cell-permeable reversible benzimidazole compound 

that inhibits AKT phosphorylation/activation by targeting the ATP binding site of a kinase 

upstream of AKT, but downstream of PI3K (Bhutani et al., 2013). The effects of AKT inhibitor III 

or IV supplementation during two key developmental periods of EGA (MNEGA and MJEGA) were 

analyzed by evaluating the kinetics of embryo development at 54 hpi, 96 hpi and Days 7 and 8 

(Figure 11). 

In this experiment, presumptive zygotes/embryos from 2- to 8- cell stage (MNEGA: 21-54 

hpi) or embryos from 8- to 16-cell stage (MJEGA: 54 - 96 hpi) were cultured in SOF + 5% FCS alone 
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(Control: n=212 and 210 for MNEGA and MJEGA respectively) or supplemented with 15 µM Inh III 

(n=293 and 277 for MNEGA and MJEGA respectively) or 10 µM Inh IV (n=317 and 273 for MNEGA 

and MJEGA respectively), or 0.03% DMSO (CDMSO: n=216 and 220 for MNEGA and MJEGA 

respectively). At 54 hpi (Control: n=99; Inh III: n=76; Inh IV: n=68; CDMSO: n=95) or 96 hpi 

(Control: n=60; Inh III: n=61; Inh IV: n=48; CDMSO: n=63), embryos that reached the 8- or 16- cell 

stage, respectively, were transferred to SOF + 5% FCS and cultured until Day 8, maintaining the 

different experimental groups separately (Figure 11). Embryos were cultured in groups of 50 

under an atmosphere of 5% CO2, 5% O2 and 90% N2 at 38.5 ºC.  

The developmental parameters were calculated as in preliminary experiments: (I) 

developmental rate at 54 hpi: percentage of presumptive zygotes that developed to the 8-cell 

stage; (II) developmental rate at 96 hpi: percentage of selected 8-cell embryos at 54 hpi that 

developed to the 16-cell stage; and (III) blastocyst yield: percentage of selected 8-cell embryos 

(54 hpi) or 16-cell embryos (96 hpi) that continued in culture and developed to the blastocyst 

stage at Day 7 and 8.  

To measure the effect of AKT inhibitors III and IV treatment on AKT signaling activity in 

bovine embryo, AKT-Thr308 phosphorylation levels were analyzed. For that, a representative 

number of 8-cell (MNEGA), 16-cell (MJEGA) (n=15/group/phase), and Day 7 blastocysts 

(n=10/group) from both phases for each experimental group were used for immunofluorescence 

analysis of phosphorylated pAKT. 

Four replicates for each EGA phase were performed under the same assay conditions.  

3.5.3.2. Experiment 3b: Effects of nobiletin supplementation on the developmental 

capacity of AKT inhibitor treated bovine embryos 

In a previous study we established that 10 µM of nobiletin supplemented in culture media 

during MNEGA or MJEGA was beneficial to embryo development and to the quality of the produced 

blastocysts (Cajas et al., 2019). Hence, in this experiment we investigated whether 10 µM of 

nobiletin supplementation to the in vitro culture media during MNEGA or MJEGA could overcome 

the detrimental effects of AKT cascade inhibition (Inh III and Inh IV) on development and quality 

of bovine embryos. 

For this experiment, presumptive zygotes/embryos from 2- to 8- cell stage (MNEGA: 21-

54 hpi) or embryos from 8- to 16-cell stage (MJEGA: 54 - 96 hpi) were cultured in SOF + 5% FCS 

alone (Control: n=560 and 594 for MNEGA and MJEGA respectively) or supplemented either with 

15 µM AKT Inhibitor III (Inh III); 10 µM AKT Inhibitor IV (Inh IV) (Inh III: n=818 and 1080; Inh 
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IV: n=948 and 1109 for MNEGA and MJEGA respectively); 10 µM nobiletin (Nob: n=660 and 639 

for MNEGA and MJEGA respectively); Nob with AKT Inhibitor III (Nob+Inh III: n=549 and 821 for 

MNEGA and MJEGA respectively); Nob with AKT Inhibitor IV (Nob+Inh IV: n=651 and 849 for 

MNEGA and MJEGA respectively) or 0.03% DMSO (CDMSO: n=597 and 651 for MNEGA and MJEGA 

respectively). For MJEGA phase groups, embryo culture until 8-cell stage (21-54 hpi) was 

performed in SOF + 5% FCS. At 54 hpi (MNEGA - Control: n=224; Inh III: n=190; Inh IV: n=174; 

Nob: n=317; Nob+Inh III: n=205; Nob+Inh IV: n=181; CDMSO: n=243) or 96 hpi (MJEGA- Control: 

n=161; Inh III: n=173; Inh IV: n=134; Nob: n=182; Nob+Inh III: n=184; Nob+Inh IV: n=205; CDMSO: 

n=171), embryos that reached the 8- or 16- cell stage, respectively, were transferred to SOF + 5% 

FCS and cultured until Day 8, maintaining the different experimental groups separately (Figure 

11). Embryos were cultured in groups of 30 under an atmosphere of 5% CO2, 5% O2 and 90% N2 

at 38.5 ºC. 

The developmental parameters were calculated as in previous experiments: (I) 

developmental rate at 54 hpi: percentage of presumptive zygotes that developed to the 8-cell 

stage; (II) developmental rate at 96 hpi: percentage of selected 8-cell embryos at 54 hpi that 

developed to the 16-cell stage; and (III) blastocyst yield: percentage of selected 8-cell embryos 

(54 hpi) or 16-cell embryos (96 hpi) that continued in culture and developed to the blastocyst 

stage at Day 7 and 8.  

A representative number of 8-cell (MNEGA) and 16-cell embryos (MJEGA) from each 

experimental group were frozen in liquid nitrogen (LN2) and stored at - 80 ºC, for gene expression 

analysis (three groups of 10: n=30 per group) and for western blot analysis of rpS6 (n=90 per 

group). Additionally, Day 7 blastocysts from both phases and experimental groups (n≈30 per 

group) were stained with anti-CDX2 and Hoescht to evaluate the total, TE and ICM cells. 

Ten replicates for each EGA phase were performed under the same assay conditions.  

3.5.3.3. Experiment 3c: Effects of nobiletin supplementation on the quality of AKT 

inhibit treated bovine embryos 

To evaluate if nobiletin could compensate the negative effect of AKT inhibition changes in 

the expression levels of genes related to embryo development and quality, three independent 

pools of 10 embryos from 8-cell (MNEGA) and 16-cell stage (MJEGA) from all experimental groups 

(Experiment 3b), were frozen in LN2 and stored at - 80 °C for analysis. 

The selected genes have been linked to embryonic development and are essential in cell 

proliferation, differentiation and embryo quality, such as Caudal Type Homeobox 2 (CDX2), 
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Chromodomain helicase DNA‐binding protein 1 (CHD1), DNA (Cytosine-5-)-Methyltransferase 3 

Beta (DNMT3B), Fos-like antigen 1 (FOSL1), Krüppel-like factor 4 (KLF4), POU class 5 homeobox 

1 (Oct3/4) (POU5F1), TEA Domain Transcription Factor 4 (TEAD4), including Nuclear Factor 

Erythroid 2-Like 2 (NFE2L2) and Glutathione Peroxidase 1 (GPX1). 

To evaluate if nobiletin could modulate the AKT inhibition on blastocyst cell number (TE 

and ICM), a representative number of Day 7 blastocysts from each group were incubated with 

anti-CDX2 antibody and then stained with Hoechst (n≈30 per group/Experiment 3b). Blastocysts 

were examined using a confocal microscope and images obtained were evaluated using the 

ImageJ program.  

3.5.3.4. Experiment 3d: Effect of nobiletin supplementation on the activity of AKT 

signaling pathway in AKT inhibit treated early bovine embryos 

In a previous experiment, we demonstrated that 10 µM of nobiletin supplementation in 

IVC during MNEGA or MJEGA increase AKT phosphorylation level on Day 7 blastocyst. Therefore, 

to elucidate the activation of this pathway downstream through AKT phosphorylation, the protein 

levels of rpS6 (phospho Ser235/236) was measured by Western blot in 8-cell (MNEGA) and 16-

cell embryos (MJEGA) previously frozen in LN2 and stored at -80 ºC (n=90 embryos/group/phase 

- Experiment 3b). 
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Figure 11. Experimental design of Experiment 3. 
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Does nobiletin have a positive effect on in vitro 

maturation of bovine oocytes? 
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4. Results 

4.1. Experiment 1: Nobiletin enhances oocyte maturation and subsequent embryo 

development and quality 

 4.1.1. Nobiletin enhances oocyte in vitro maturation and reduces oxidative stress 

When evaluating the effect of nobiletin on nuclear maturation, we observed that a 

concentration of 25 (87.0 ± 0.6%) and 50 µM (89.3 ± 0.4%) increased (P<0.05) the percentage of 

oocytes reaching M-II compared to all other groups (Nob10: 72.9 ± 0.4%; Nob100: 71.5 ± 0.8%; 

Control: 71.7 ± 0.8%; and CDMSO: 70.5 ± 0.5%) (Figure 12, Table 3). 

 

Figure 12. Representative images of nuclear maturation in bovine oocytes after in vitro 
maturation in the presence of nobiletin. Scale bar 50 µm. 

 

The migration of CG to the cortical region of the oocyte, as well as mitochondrial 

distribution and their activity, were used as indicators to analyze cytoplasmic maturation. In the 

assessment of the CG distribution patterns oocytes matured in the presence of Nob25 (85.7 ± 

0.3%) and Nob50 (89.9 ± 2.2%) displayed a higher incidence of migrated CG than oocytes in the 

Control (69.1 ± 1.1%), CDMSO (69.6 ± 0.9%), Nob10 (72.1 ± 1.0%) and Nob100 (71.2 ± 0.7%) 

groups (P<0.05). The presence of oocytes with a partially migrated pattern was lower (P<0.05) 

in Nob25 and Nob50 than all other groups. Similarly, the non-migrated pattern distribution of CG 

was lower (P<0.05) for nobiletin groups compared to the Control group, while for CDMSO, Nob10 

and Nob100 no differences were observed (Table 3). Representative images of CG distribution in 

matured oocytes are presented in Figure 13.  
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Figure 13. Representative fluorescent images of CG distribution patterns in bovine oocytes after 
in vitro maturation in the presence of nobiletin. Scale bar 50 µm. 

 

Regarding the mitochondrial distribution patterns, we found higher migration (P<0.05) 

in oocytes matured with Nob25 (86.7 ± 0.6%) and Nob50 (88.9 ± 1.2%) compared to Control 

(71.3 ± 1.5%), CDMSO (69.7 ± 1.0%); Nob10 (73.7 ± 1.0%) and Nob100 (71.6 ± 0.5%) groups. The 

partially migrated mitochondrial pattern was lower (P<0.05) in the oocytes matured with Nob25 

and Nob50 compared to all other groups, while the incidence of non-migrated mitochondria 

pattern was lower (P<0.05) only for Nob50 group (Figure 15, Table 3).  

Quantification of mitochondrial activity in oocytes was measured by fluorescence 

intensity and a significant increase in intensity was observed in oocytes maturated with Nob25 

and Nob50 compared to all other groups (P<0.05; Figure 14). 

 

Figure 14. Quantification of relative mitochondrial activity. 
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Figure 15. Representative fluorescent images of mitochondria migration pattern in bovine oocytes after in vitro maturation in the presence of nobiletin. 
Control: oocytes cultured in the presence of SOF and 5% FCS; CDMSO: oocytes cultured in the presence of SOF + 5% FCS supplemented with 0.01% DMSO; 
Nob10, Nob25, Nob50, Nob100 oocytes cultured in presence of SOF + 5% FCS supplemented with 10, 25, 50 and 100 µM nobiletin, respectively. Scale bar 
50 µm.
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Table 3. In vitro maturation of bovine oocytes in the presence of the nobiletin 

n: number of oocytes assigned per group. Control: oocytes cultured in the presence of SOF and 5% FCS; CDMSO: oocytes cultured in the presence of SOF + 5% FCS 
supplemented with 0.01% DMSO; Nob10, Nob25, Nob50, Nob100 oocytes cultured in presence of SOF + 5% FCS supplemented with 10, 25, 50 and 100 µM 
nobiletin, respectively. Data are the mean ± s.e.m. Within columns, values with different superscript letters differ significantly (P<0.05). 

 

 Control CDMSO Nob10 Nob25 Nob50 Nob100 

Nuclear maturation n 117 122 133 146 149 144 

Matured (M-II) n  

(%±s.e.m) 

84  

(71.7 ± 0.8)a 

86  

(70.5 ± 0.5)a 

97  

(72.9 ± 0.4)a 

127  

(87.0 ± 0.6)b 

133  

(89.3 ± 0.4)b 

103  

(71.5 ± 0.8)a 

Immature n  

(%±s.e.m) 

33  

(28.2 ± 0.7)a 

36  

(29.5 ± 0.5)a 

36  

(27.1 ± 0.4)a  

19  

(12.9 ± 0.6)b 

16  

(10.7 ± 0.4)b 

41  

(28.4 ± 0.8)a 

Cytoplasmic maturation 

Cortical granules distribution  

n 58 66 72 70 78 70 

Migrated n  

(%±s.e.m) 

40  

(69.1 ± 1.1)a 

46  

(69.6 ± 0.9)a 

52  

(72.1 ± 1.0)a 

60  

(85.7 ± 0.3)b 

70  

(89.9 ± 2.2)b 

50  

(71.2 ± 0.7)a 

Partially migrated n  

(%±s.e.m) 

10  

(17.2 ± 2.6)a 

12  

(18.2 ± 1.7)a 

15  

(20.9 ± 0.7)a  

7  

(9.9 ± 1.6)b 

7  

(8.8 ± 1.3)b 

15 

(21.5 ± 0.6)a 

Non-migrated n  

(%±s.e.m) 

8  

(13.7 ± 1.9)a 

8  

(12.2 ± 2.0)ac 

5  

(6.9 ± 0.2)bc 

3  

(4.4 ± 1.8)b 

1  

(1.2 ± 1.2)b 

5 

(7.3 ± 0.2)bc 

Mitochondrial distribution  

n 59 56 61 76 71 74 

Migrated n  

(%±s.e.m) 

42  

(71.3 ± 1.5)a 

39  

(69.7 ± 1.0)a 

45  

(73.7 ± 1.0)a 

66 

(86.7 ± 0.6)b 

63  

(88.9 ± 1.2)b 

53  

(71.6 ± 0.5)a 

Partially migrated n  

(%±s.e.m) 

10 

(17.0 ± 0.5)a 

11  

(19.6 ± 1.1)a  

11 

(17.9 ± 1.0)a 

5  

(6.7 ± 0.3)b 

7  

(9.8 ± 1.5) b 

13  

(17.5 ± 1.5)a 

Non-migrated n 

(%±s.e.m) 

7  

(11.7 ± 1.8)a 

6  

(10.8 ± 1.5)a  

5  

(8.3 ± 0.4)a 

5  

(6.6 ± 0.3)ab 

1  

(1.3 ± 1.3)b 

8  

(10.8 ± 1.7)a 
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When evaluating the effect of nobiletin on oxidative stress, through a relative of ROS and 

GSH fluorescence intensity in maturated oocytes, we observed that the intensity in both 

parameters was lower (P<0.05) in Nob25 and Nob50 groups compared with oocytes matured 

with Nob10 and Nob100 and control groups (Figure 16). 

 

 
Figure 16. ROS and GSH fluorescence intensity in bovine oocytes after in vitro maturation in the presence 
of nobiletin (A) Representative fluorescent images of reactive oxygen species (ROS) and glutathione (GSH) 
fluorescence intensity in bovine oocytes after in vitro maturation in the presence of nobiletin. (B) 
Quantification of relative fluorescent intensity of ROS and GSH in bovine oocytes after in vitro maturation 
in the presence of nobiletin. Data are the mean ± s.e.m. Values with different superscript letters differ 
significantly (P<0.05). Scale bar 50 µm. 

 

Based on these results and to verify the effects of nobiletin on in vitro maturation and 

oxidative stress we analyzed gene expression in oocytes and their CCs. Only the experimental 

groups that showed better qualitative parameters in the previous experiments (Nob25 and 

Nob50) were used in comparison with both control groups (Control and CDMSO). 

Supplementation of IVM medium with nobiletin, irrespective of the concentration, induced the 

upregulation of MAPK1 and BMP15 (developmental-related transcripts) and downregulation of 

SOD2 and CYP51A1 (oxidative stress transcripts) in oocytes after IVM when compared with 
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control groups (P<0.05). No significant differences were observed for the remaining transcripts 

studied (BCL2, GAPDH, GDF9) (Figure 17A). In CCs, nobiletin produced changes in the expression 

levels of genes related to quality and development (Figure 17B). BMP15 (development) and GJA1 

(cell junctions) transcripts were upregulated (P<0.05), while the expression of the oxidative 

stress (SOD2, CYP51A1) and apoptosis (BCL2) genes were downregulated in nobiletin groups 

compared to controls (P<0.05). No significant differences were observed for the remaining 

transcripts studied (ABCB1, CDH1, CLIC1, FOS, GAPDH, GDF9, IGF2R, and MAPK1). 

 

Figure 17. Relative mRNA transcript abundance (normalized against that of the endogenous 
control H2A histone family member Z (H2AFZ) gene and actin beta (ACTB)). (A) Bovine oocytes 
after in vitro maturation in the presence of nobiletin. (B) Bovine cumulus cells (CCs) after in vitro 
maturation in the presence of nobiletin. Data are the mean ± s.e.m. Different letters above columns 
indicate significant differences in gene expression among the experimental groups (P<0.05). 
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4.1.2. Nobiletin increases estradiol and progesterone production by cumulus cells 

After IVM, a significant increase in E2 production by CCs was found in maturation medium 

supplemented with Nob25 (368.6 ± 27.3 pg/mL) and Nob50 (421.0 ± 28.2 pg/mL) compared with 

the rest of the groups (Control: 233.2 ± 16.9 pg/mL; CDMSO: 212.4 ± 11.8 pg/mL; Nob10: 216.2 ± 

20.0 pg/mL; and Nob100: 250.2 ± 24.4 pg/mL (P<0.05; Figure 18A). Likewise, a significant 

increase in P4 production by CCs in media after maturation was detected within Nob25 (19.7 ± 

0.3 ng/mL) and Nob50 (20.2 ± 0.2 ng/mL) groups compared with the remaining groups (P<0.05; 

Figure 18B). 

 

Figure 18. Steroidogenic production of CCs after in vitro maturation using different 
concentrations of nobiletin. (A) Steroidogenic production of Estradiol (E2). (B) Steroidogenic 
production of Progesterone (P4). Bars represent mean concentrations produced by CCs under 
each different experimental condition. Data are the mean ± s.e.m. Values with different 
superscript letters differ significantly (P<0.05). 
 
 

4.1.3. Nobiletin increases embryo development and quality  

Embryonic development was assessed after IVM in the presence of nobiletin (Table 4). 

Cleavage rate and cumulative blastocyst yield at Day 7 and 8 were higher (P<0.05) for Nob25 and 

Nob50 compared to all other groups. Based on these results, and for blastocysts quality 

evaluation only the Nob10 and Nob25 groups with both control groups (Control and CDMSO) were 

used for gene expression analysis. 

The expression of MAPK1 was upregulated, while CLIC1 was downregulated in blastocysts 

produced after oocyte maturation with nobiletin supplementation, irrespective of the 

concentration, compared with blastocysts from control groups (P<0.05). The expression of 

CYP51A1 was upregulated in blastocysts from the Nob50 group compared to blastocysts from 
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control groups (P<0.05). No significant differences were observed for the remaining transcripts 

studied (ABCB1, BCL2, BMP7, GAPDH, GDF9, IGF2R, and SOD2) (Figure 19). 

 

Table 4. Effect of nobiletin on in vitro maturation of bovine oocytes and subsequent 

embryonic development 

  

Total no. 

Presumptive 

zygotes in culture 

Cleavage rate 
Blastocyst yield 

Day 7 Day 8 

n (% ± s.e.m) n (% ± s.e.m) n (% ± s.e.m) 

Control 359 267 (74.2 ± 0.4)a 76 (21.1 ± 0.4)a 92 (25.8 ± 0.5)a 

CDMSO 378 278 (73.6 ± 0.5)a 78 (20.9 ± 0.4)a 98 (26.1 ± 0.7)a 

Nob10 397 300 (75.6 ±0.3)a 75 (18.9 ± 0.4)a 90 (23.1 ± 0.7)a 

Nob25 372 335 (89.9 ± 0.4)b 90 (24.4 ± 0.5)b 119 (32.2 ± 0.8)b 

Nob50 336 307 (91.3 ± 0.3)b 86 (25.7 ± 0.6)b 117 (35.3 ± 0.8)b 

Nob100 414 306 (74.0 ± 0.6)a 76 (18.9 ± 0.9)a 100 (24.5 ± 1.0)a 

n: number of oocytes assigned per group. Control: blastocysts cultured in the presence of SOF and 5% 
FCS; CDMSO: blastocysts cultured in the presence of SOF + 5% FCS supplemented with 0.01% DMSO; 
Nob10, Nob25, Nob50, Nob100 oocytes cultured in presence of SOF + 5% FCS supplemented with 10, 25, 
50 and 100 µM nobiletin, respectively. Data are the mean ± s.e.m. Within columns, values with different 
superscript letters differ significantly (P<0.05). 

 

 

Figure 19. Relative mRNA transcript abundance (normalized against that of the endogenous 
control H2A histone family member Z (H2AFZ) gene and actin beta (ACTB)) of blastocysts D7 
developed from oocytes matured in the presence of nobiletin. Data are the mean ± s.e.m. Different 
letters above columns indicate significant differences in gene expression among the experimental 
groups (P<0.05).  
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4.2. Experiment 2: Nobiletin enhances the development and quality of bovine embryos in 

vitro during two key periods of embryonic genome activation 

4.2.1. Nobiletin during MNEGA or MJEGA enhances early embryo development in 

vitro 

For all experimental groups, only embryos that reached the 8-cell stage at 54 h post-

insemination (hpi) were selected for the study. As shown in Figure 20A for MNEGA phase, no 

differences were observed in cleavage rate at 54 hpi, which ranged from 82.3 ± 1.0 to 85.5 ± 0.5%. 

At 54 hpi, no differences were observed either in the proportion of embryos that reached the 8-

cell stage, which ranged from 57.1 ± 1.4 to 60.4 ± 0.7%. Consequently, a similar proportion of 

embryos with a delayed development (<8 cells), which ranged from 22.6 ± 0.9 to 26.6 ± 1.2%, was 

observed (Figure 20B). Blastocyst yield at Day 7 and Day 8 (Figure 20C) was significantly higher 

(P<0.001) for Nob5 (39.7 ± 0.8 and 42.7 ± 1.0%, respectively) and Nob10 (41.0 ± 1.0 and 44.4 ± 

1.3%), compared to Control (32.7 ± 0.7 and 34.6 ± 0.7%); CDMSO (32.8 ± 0.5 and 34.9 ± 0.4%) and 

Nob25 (31.8 ± 1.7 and 34.6 ± 1.2%) (Table 5). 

 

Table 5. Cleavage rate and kinetics of development at 54 h post-insemination and cumulative 
blastocyst rates on Days 7 and 8 after in vitro culture with nobiletin supplemented during MNEGA. 

 
IVC 

N 

Total 
cleaved 
54 hpi 

N  
(% ± s.e.m) 

< 8 cells 
N  

(% ± s.e.m) 

≥ 8 cells 
N  

(% ± s.e.m) 

IVC 
54 hpi 

N 

Blastocysts 

Day 7 Day 8 

N  
(% ± s.e.m) 

N  
(% ± s.e.m) 

Control 730 
602  

(82.3 ± 1.0) 

164  

(22.6 ± 0.9) 

438  

(59.7 ± 1.1) 
388 

126  

(32.7 ± 0.7)a 

132  

(34.6 ± 0.7)a 

CDMSO 695 
595  

(85.5 ± 0.5) 

177  

(25.1 ± 0.8) 

418  

(60.4 ± 0.7) 
368 

120  

(32.8 ± 0.5)a 

128  

(34.9 ± 0.4)a 

Nob5 757 
625  

(82.4 ± 1.0) 

189  

(25.3 ± 0.8) 

436  

(57.1 ± 1.4) 
386 

151  

(39.7 ± 0.8)b 

163  

(42.7 ± 1.0)b 

Nob10 695 
586  

(84.5 ± 0.6) 

184  

(26.3 ± 0.8) 

402  

(58.2 ± 1.1) 
352 

144  

(41.0 ± 1.0)b 

157  

(44.4 ± 1.3)b 

Nob25 521 
442  

(85.0 ± 1.0) 

138  

(26.6 ± 1.2) 

304  

(58.5 ± 1.6) 
254 

81  

(31.8 ± 1.7)a 

89  

(34.6 ± 1.2)a 

MNEGA: embryos cultured from zygotes to 8-cell stage: 21–54 hpi in SOF+5% FCS (Control), supplemented 
or not with 5, 10 or 25 µM of nobiletin (Nob5, Nob10 or Nob25, respectively), or with 0.03% dimethyl 
sulfoxide (CDMSO). IVC - N: number of presumptive zygotes in culture.  IVC - 54 hpi - N: number of 8-cell 
embryos in culture at 54 hpi. Blastocysts yield on D7 and D8 is calculated from the 8-cell embryos in culture 
at 54 hpi. Data are the mean ± s.e.m. Within columns, different superscript letters indicate significant 
difference (P<0.001) between treatments. 
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During MJEGA, cleavage rate at 54 hpi was 86.6 ± 0.2% and the proportion of embryos that 

reached the 8-cell stage was 71.1 ± 0.4% while the proportion of embryos with a delayed 

development (<8 cells) was 15.5 ± 0.3% (Figure 20D). At 96 hpi a significantly (P<0.001) higher 

proportion of embryos reached the 16-cell stage in Nob5 and Nob10 groups (70.1 ± 0.5% and 

69.9 ± 0.4%, respectively) compared to Control (60.0 ± 0.4%), CDMSO (60.7 ± 0.4%) and Nob25 

(60.8 ± 0.8%) groups (Figure 20E). As a consequence, a significantly lower proportion of embryos 

with a delayed development (<16 cells) was observed in Nob5 and Nob10 compared to the other 

groups (Nob5: 29.9 ± 0.5% and Nob10: 30.1 ± 0.4% vs Control: 40.0 ± 0.4%, CDMSO: 39.3 ± 0.4% 

and Nob25: 39.2 ± 0.8%, P<0.001). On Day 7 and Day 8, blastocyst yield was significantly higher 

(P<0.001) for Nob10 (54.5 ± 1.1% and 61.0 ± 0.8%, respectively) compared to Control (38.4 ± 

1.1% and 47.3 ± 1.4%), CDMSO (35.8 ± 1.0% and 44.0 ± 1.1%), Nob5 (46.6 ± 0.8% and 52.5 ± 1.5%) 

and Nob25 (35.9 ± 1.5% - 42.5 ± 1.3%) groups, while Nob5 was higher (P<0.001) compared to 

Nob25 and both control groups (Figure 20F, Table 6). 
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Table 6. Cleavage rate and kinetics of development at 54 and 96 hpi and cumulative blastocyst rates on days 7 and 8 after in vitro culture with nobiletin 

supplemented during MJEGA.  

 
IVC 
N 

Total 
cleaved 
54 hpi 

N 
(% ± s.e.m) 

< 8 cells 
N 

(% ± s.e.m) 

≥ 8 cells 
N 

(% ± s.e.m) 

Total 
cleaved 
96 hpi 

N 

< 16 cells 
N 

(% ± s.e.m) 

≥ 16 cells 
N 

(% ± s.e.m) 

IVC 
96 
hpi 

Blastocysts 

Day 7 Day 8 

N 
(% ± s.e.m) 

N 
(% ± s.e.m) 

Control 867 
754 

(87.0 ± 0.5) 

133 

(15.6 ± 0.3) 

621 

(71.4 ± 0.7) 
621 

250 

(40.0 ± 0.4)a 

371 

(60.0 ± 0.4)a 
331 

126 

(38.4 ± 1.1)a 

154  

(47.3 ± 1.4)a 

CDMSO 878 
761 

(86.8 ± 0.7) 

139 

(16.3 ± 0.5) 

622 

(70.5 ± 0.7) 
622 

246 

(39.3 ± 0.4)a 

376 

(60.7 ± 0.4)a 
331 

120 

(35.8 ± 1.0)a 

146  

(44.0 ± 1.1)a 

Nob5 724 
623 

(86.4 ± 0.5) 

105 

(14.9 ± 0.9) 

518 

(71.5 ± 0.9) 
518 

153 

(29.9 ± 0.5)b 

365 

(70.1 ± 0.5)b 
315 

148 

(46.6 ± 0.8)b 

169  

(52.5 ± 1.5)b 

Nob10 773 
667 

(86.3 ± 0.4) 

114 

(14.8 ± 0.6) 

553 

(71.5 ± 0.7) 
553 

166 

(30.1 ± 0.4)b 

387 

(69.9 ± 0.4)b 
347 

190 

(54.5 ± 1.1)c 

210  

(61.0 ± 0.8)c 

Nob25 597 
516 

(86.2 ± 0.6) 

92 

(15.7 ± 0.9) 

424 

(70.5 ± 1.3) 
424 

166 

(39.2 ± 0.8)a 

259 

(60.8 ± 0.8)a 
210 

74 

(35.9 ± 1.5)a 

88  

(42.5 ± 1.3)a 

MJEGA: embryos cultured from 8-cell to 16-cell stage: 54–96 hpi in SOF+5% FCS (Control), supplemented or not with 5, 10 and 25 µM of nobiletin (Nob5, Nob10 and 
Nob25, respectively), or with 0.03% dimethyl sulfoxide (CDMSO). IVC - N: number of presumptive zygotes in culture.  IVC - 54 hpi - N: number of 8-cell embryos in 
culture at 54 hpi. IVC - 96 hpi - N: number of 16-cell embryos in culture at 96 hpi. Blastocysts yield on D7 and D8 is calculated from the 16-cell embryos in culture at 
96 hpi. Data are the mean ± s.e.m. Within columns, different superscript letters indicate significant difference (P<0.001) between treatments. 
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Figure 20. Developmental rates of in vitro produced bovine embryos cultured during 21 - 54 hpi (MNEGA: 
A, B, C) or during 54 - 96 hpi (MJEGA: D, E, F) with or without nobiletin. (A, D) Total cleavage rate at 54 hpi; 
(B, E) embryos ≥ or < 8-cell stage at 54 hpi and ≥ or < 16-cell stage at 96 hpi; (C, F) blastocyst rate on Days 
7 and 8 pi (in vitro fertilization = Day 0), from embryos cultured in SOF+5% FCS (Control), supplemented 
or not with 5 (Nob5), 10 (Nob10) or 25 µM (Nob25) nobiletin or with 0.03% dimethyl sulfoxide (CDMSO) 
during MNEGA or MJEGA respectively. Results are expressed as mean ± s.e.m. Significant differences 
(P<0.001) are indicated with different letters. 



 

89 
 

Does nobiletin have a positive effect on in vitro culture during MNEGA or MJEGA? 

4.2.2. Nobiletin during MNEGA or MJEGA increases the quality of in vitro produced 

blastocysts 

Only the experimental groups that showed better blastocyst yield in the previous 

experiment (Nob5 and Nob10 during MNEGA or MJEGA) were used for embryo quality evaluation 

in comparison with both control groups (Control and CDMSO). 

 

The mitochondrial activity was higher (P<0.001) in blastocysts from Nob5 and Nob10 

groups, from either MNEGA or MJEGA phase, compared with both control groups (Figure 21).  

 

When analyzing the lipid content, we observed that the total area of lipid droplets in 

blastocysts resulting from treatments during MNEGA or MJEGA was significantly reduced 

(P<0.001) in Nob5 and Nob10 groups compared with the control groups (Figure 22).  

 
Figure 21. Mitochondrial activity in in vitro produced bovine blastocysts cultured during 21 - 54 hpi 
(MNEGA: presumptive zygote to 8-cell stage) or during 54 - 96 hpi (MJEGA: 8- to 16-cell stage) with or 
without nobiletin. (A) Quantification of mitochondrial fluorescence intensity in arbitrary units (a.u) in Day 
7 blastocysts cultured in SOF+5% FCS (Control), supplemented or not with 5 (Nob5) or 10 µM (Nob10) 
nobiletin or with 0.03% dimethyl sulfoxide (CDMSO) during MNEGA or MJEGA phase. Data are the 
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mean±s.e.m. Significant differences (P<0.001) are indicated with different letters. (B) Representative 
fluorescence images of mitochondrial activity in Day 7 blastocysts from all experimental groups (Control, 
Nob5 Nob10 CDMSO) in both phases (MNEGA or MJEGA). Images were captured on 63× objective. Scale bar 
50 µm. 
 
 
 
 

 

Figure 22. Lipid content in in vitro produced bovine blastocyst cultured during 21 - 54 hpi (MNEGA: 
presumptive zygote to 8-cell stage) or during 54 - 96 hpi (MJEGA: 8- to 16-cell stage) with or without 
nobiletin. (A) Quantification of the total area of lipid droplets (µm2) in Day 7 blastocysts cultured in 
SOF+5% FCS (Control), supplemented or not with 5 (Nob5) or 10 µM (Nob10) nobiletin or with 0.03% 
dimethyl sulfoxide (CDMSO) during MNEGA or MJEGA phase. Data are the mean±s.e.m. Significant differences 
(P<0.001) are indicated with different letters. (B) Representative fluorescence images of lipid droplets in 
Day 7 blastocysts from all experimental groups (Control, Nob5 Nob10, CDMSO) in both phases (MNEGA or 
MJEGA). Images were captured on 63× objective. Scale bar 50 µm. 

 

 

 



 

91 
 

Does nobiletin have a positive effect on in vitro culture during MNEGA or MJEGA? 

The total number cells was greater (P<0.001) in blastocysts from MNEGA phase with 5 µM 

of nobiletin (137.3 ± 0.6) compared to all other groups (Control: 105.7 ± 0.7; CDMSO: 106.4 ± 0.8; 

Nob10: 126.7 ± 0.8), while blastocysts from Nob10 group had more cells (P<0.001) compared to 

control groups, but less (P<0.001) when compared to Nob5. However, during MJEGA phase the 

total number of cells was higher in blastocysts from Nob5 and Nob10 groups (133.2 ± 0.9 and 

134.2 ± 0.7, respectively) compared to control groups (Control: 104.9 ± 0.7 and CDMSO: 104.6 ± 

0.6) (P<0.001) (Table 7). 

Table 7. Total nuclei number in in vitro produced bovine blastocysts cultured during 21 - 54 hpi 

(MNEGA: presumptive zygote to 8-cell stage) or during 54 - 96 hpi (MJEGA: 8- to 16-cell stage) in 

SOF+5% FCS (Control), supplemented or not with 5 (Nob5) or 10 µM (Nob10) of nobiletin or with 

0.03% dimethyl sulfoxide (CDMSO).  

 MNEGA MJEGA 

 
No. of embryos 

examined 
Total no. of 

cells/blastocyst 

No. of 
embryos 
examined 

Total no. of 
cells/blastocyst 

Control 27 105.7 ± 0.7a 33 104.9 ± 0.7a 

CDMSO 26 106.4 ± 0.8a 30 104.6 ± 0.6a 

Nob5 25 137.3 ± 0.6b 36 133.2 ± 0.9b 

Nob10 29 126.7 ± 0.8c 34 134.2 ± 0.7b 

MNEGA: embryos cultured from zygotes to 8-cell stage (21–54 hpi) and MJEGA: embryos 
cultured from 8-cell to 16-cell stage (54–96 hpi) in SOF+5% FCS (Control), supplemented 
or not with 5 (Nob5) or 10 µM (Nob10) of nobiletin or with 0.03% dimethyl sulfoxide 
(CDMSO). Data are the mean ± s.e.m. Within columns, different superscript letters indicate 
significant difference (P<0.05) between treatments. 

 

• Gene expression in ≥ 8-cell embryos and blastocysts produced with 

nobiletin during MNEGA 

The mRNA abundance of CDK2, H3-3B, H3-3A, and GPX1 was significantly increased in 8-

cell stage embryos from Nob5 and Nob10 groups compared to both controls (P<0.05) (Figure 

23A). The expression of PPARα and GPX1 was significantly higher in blastocysts from Nob5 and 

Nob10 groups when compared with both controls (P<0.05) (Figure 23B). No differences were 

observed for the PPARGC1A, PPARα, RPS6KB1, and NFE2L2 transcripts in 8-cell stage embryos 

and PPARGC1A, RPS6KB1, CDK2, H3-3B, H3F3A, and NFE2L2 in blastocysts. 

• Gene expression in ≥ 16-cell embryos and blastocysts produced with 

nobiletin during MJEGA 

The expression level of CDK2, H3-3B and NFE2L2 transcripts was significantly increased 

in 16-cell stage embryos from Nob10 group compared to Nob5 and both control groups. While 



 Does nobiletin have a positive effect on in vitro culture during MNEGA or MJEGA? 
 
 
 

92 
 

the expression of GPX1 gene was higher in Nob5 and Nob10 compared to control groups (P<0.05) 

(Figure 24A). In blastocysts the expression of PPARα was significantly higher in Nob10 group 

compared to all other groups (P< 0.05), while CDK2 and GPX1 were upregulated in both nobiletin 

groups compared with controls (P<0.05) (Figure 24B). No significant differences were observed 

for PPARGC1A, PPARα, RPS6KB1 and H3-3A in 16-cell stage embryos, and for PPARGC1A, RPS6KB1, 

H3-3B, H3-3A and NFE2L2 in blastocysts 

 

Figure 23. Relative mRNA transcript abundance of embryo development-related genes in in vitro produced 
embryos cultured during 21 - 54 hpi (MNEGA: presumptive zygote to 8-cell stage) with or without nobiletin. 
(A) Relative abundance in 8-cell stage embryos cultured in SOF+5% FCS (Control), supplemented or not 
with 5 (Nob5) or 10 µM (Nob10) nobiletin or with 0.03% dimethyl sulfoxide (CDMSO) during MNEGA phase. 
(B) Relative abundance in blastocysts from Control, Nob5, Nob10, and CDMSO experimental groups from 
MNEGA phase. The relative abundance of the transcripts was normalized to H2AFZ and ACTB as 
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housekeeping genes. Data are the mean ± s.e.m. Different letters indicate significant difference (P<0.05) 
between treatments. 

 
 

 

 

Figure 24. Relative mRNA transcript abundance of embryo development-related genes in in vitro produced 
embryos cultured during 54 - 96 hpi (MJEGA: 8-to 16-cell stage) with or without nobiletin. (A) Relative 
abundance in16-cell stage embryos cultured in SOF+5% FCS (Control), supplemented or not with 5 (Nob5) 
or 10 µM (Nob10) nobiletin or with 0.03% dimethyl sulfoxide (CDMSO) during MJEGA phase. (B) Relative 
abundance in blastocysts from Control, Nob5, Nob10, and CDMSO experimental groups from MJEGA phase. 
The relative abundance of the transcripts was normalized to H2AFZ and ACTB as housekeeping genes. Data 
are the mean ± s.e.m. Different letters indicate significant difference (P<0.05) between treatments. 
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4.2.3. Nobiletin during MNEGA or MJEGA increases AKT phosphorylation in 

blastocysts produced in vitro 

 

Immunofluorescence analysis revealed immunoreactive proteins for p-AKT in bovine 

blastocysts. In Day 7 blastocysts, AKT increased its phosphorylation levels when nobiletin was 

present in the culture medium (Nob5 and Nob10 groups) during MNEGA or MJEGA. While p-AKT 

levels were weaker in blastocysts produced from control groups during MJEGA phase (Figure 25).  

 

Similarly, the western blot analysis showed that both p-AKT-Thr308 and p-AKT-Ser473 

phosphorylation levels were significantly higher in blastocysts produced with nobiletin 

supplementation (Nob5 and Nob10) during MNEGA phase when compared with control groups 

(P<0.05) (Figures 26 A, B, C). A similar pattern was observed in response to nobiletin treatment 

during MJEGA, as p-AKT-Thr308 and p-AKT-Ser473 phosphorylation levels were significantly 

higher in blastocysts produced with Nob5 and Nob10 compared with control groups (P<0.05) 

(Figures 26 D, E, F).  
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Figure 25. Representative images of immunofluorescence detection of phosphorylated AKT (p-AKT) in in vitro produced bovine blastocysts cultured during 21 - 54 
hpi (MNEGA: presumptive zygote to 8-cell stage) or during 54 - 96 hpi (MJEGA: 8- to 16-cell stage) in SOF+5% FCS (Control), supplemented or not with 5 (Nob5) or 10 
µM (Nob10) nobiletin or with 0.03% dimethyl sulfoxide (CDMSO). Positive staining for p-AKT proteins shown in green. Cell nuclei were counterstained with Hoechst 
stain (blue). Images were captured on 63× objective. Scale bar 20 µm. 
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Figure 26. Representative Western blot images of phosphorylated (p)AKT-Thr308, (p)AKT-Ser473, total 
AKT (tAKT) and β-actin protein levels in in vitro produced bovine Day 7 blastocysts cultured during 21 - 54 
hpi (MNEGA: presumptive zygote to 8-cell stage) or during 54 - 96 hpi (MJEGA: 8- to 16-cell stage) in SOF+5% 
FCS (Control), supplemented or not with 5 (Nob5) or 10 µM (Nob10) nobiletin or with 0.03% dimethyl 
sulfoxide (CDMSO). (A) pAKT-Thr308/tAKT, (B) pAKT-Ser473/tAKT  (C) Western blot images showing the 
expression of pAKT-Thr308, pAKT-Ser473, (t)AKT and β-actin in D7 blastocysts from MNEGA phase. (D) 
pAKT-Thr308/tAKT, (E) pAKT-Ser473/tAKT and (F) Western blot images showing the expression of pAKT-
Thr308, pAKT-Ser473, (t)AKT and β-actin in Day 7 blastocysts from from MJEGA phase. Data were 
normalized relative to the abundance of β-actin and p-AKT phosphorylation levels. Data are the mean ± 
s.e.m. Different letters indicate significant difference (P<0.05) between treatments. 
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Experiment 3 

 

Can nobiletin reverse the detrimental effect of AKT 

inhibitors during early embryonic development? 
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4.3.1. Effect of AKT inhibitors III and IV on early embryo development and their 

AKT phosphorylation  

In MNEGA, no differences were observed in total cleavage rate at 54 hpi, which ranged 

from 85.3 ± 0.3% to 86.7 ± 0.9%. At 54 hpi, in the treatments with AKT inhibitors, a significantly 

lower proportion of embryos reached the 8-cell stage that control groups (Inh III: 36.2 ± 1.1% 

and Inh IV: 29.8 ± 1.2% vs Control: 60.9 ± 1.1% and CDMSO: 60.1 ± 1.3%; (P<0.001)). Similarly, 

the blastocyst yield at Day 7 was significantly lower (P<0.001) for Inh III (18.3 ± 0.9%) and Inh 

IV (14.6 ± 1.5%) compared to both controls (Control: 33.7 ± 1.6% and CDMSO: 33.9 ± 2.1%) (Table 

8). These differences were maintained also at Day 8 (Table 8).  

 

Table 8. Cleavage rate and kinetics of development at 54 hpi and cumulative blastocyst rates on 
Days 7 and 8 after in vitro culture with or without AKT inhibitors III or IV during MNEGA 

 
IVC 
N 

Total cleaved 
54 hpi 

N  
(% ± s.e.m.) 

 
< 8 cells 

N  
(% ± s.e.m.) 

 
≥ 8 cells 

N  
(% ± s.e.m.) 

IVC 
54 hpi 

N 

Blastocysts 

Day 7 Day 8 
N  

(% ± s.e.m.) 
N  

(% ± s.e.m.) 

Control 212 
184  

(86.7 ± 0.9) 

55  

(25.8 ± 1.7)a 

129  

(60.9 ± 1.1)a 
99 

33  

(33.7 ± 1.6)a 

39  

(39.9 ± 2.5)a 

CDMSO 216 
187  

(86.6 ± 0.9) 

57  

(26.5 ± 2.2)a 

130  

(60.1 ± 1.3)a 
95 

32  

(33.9 ± 2.1)a 

37  

(38.9 ± 1.0)a 

Inh III 293 
250  

(85.3 ± 0.3) 

144  

(49.1 ± 0.8)b 

106  

(36.2 ± 1.1)b 
76 

14  

(18.3 ± 0.9)b 

15  

(19.7 ± 1.1)b 

Inh IV 317 
284  

(86.6 ± 0.1) 

186  

(56.7 ± 1.1)c 

98  

(29.8 ± 1.2)c 
68 

10  

(14.6 ± 1.5)b 

12  

(17.7 ± 0.4)b 

MNEGA: embryos cultured from zygotes to 8-cell stage (21–54 hpi) in SOF+5% FCS (Control), supplemented 
or not with 15 µM of AKT Inhibitor III (Inh III) or with 10 µM of AKT Inhibitor IV (Inh IV), or with 0.03% 
dimethyl sulfoxide (CDMSO). Data are the mean ± s.e.m. Within columns, different superscript letters 
indicate significant difference (P<0.001) between treatments. 

 

 

During MJEGA, the cleavage rate at 54 hpi was similar for all groups (≈88.5%) as well as 

the proportion of embryos that reached the 8-cell stage (range: 65.9 ± 0.7% - 67.8 ± 1.1%). At 96 

hpi, the proportion of embryos reaching the 16-cell stage was significantly lower (P<0.001) for 

Inh III (43.3 ± 0.8%) and Inh IV (37.0 ± 0.9%) compared to control groups (Control: 71.9 ± 0.8%; 

CDMSO: 71.0 ± 0.6%). On Day 7 and 8, blastocyst yield was significantly lower (P<0.001) for Inh 

III (23.0 ± 1.6% - 24.6 ± 0.8%) and  Inh IV (18.6 ± 1.5% and 20.7 ± 1.9%, respectively) compared 

to Control (35.0 ± 1.0% - 41.6 ± 0.9%) and CDMSO (35.0 ± 1.0% - 41.2 ± 1.5%) (Table 9). 
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Table 9. Cleavage rate and kinetics of development at 54 and 96 hpi and cumulative blastocyst rates on Days 7 and 8 after in vitro culture with or 
without AKT inhibitors III or IV during MJEGA.  

 
IVC 
N 

 
Total 

cleaved 
54 hpi 

N 
(% ± s.e.m.) 

 

 
< 8 cells 

N 
(% ± s.e.m.) 

 
≥ 8 cells 

N 
(% ± s.e.m.) 

IVC 
54 
hpi 
N 

 
< 16 cells 

N 
(% ± s.e.m.) 

 
≥ 16 cells 

N 
(% ± s.e.m.) 

IVC 
96 
hpi 
N 

Blastocysts 

Day 7 
N 

(% ± s.e.m.) 

Day 8 
N 

(% ± s.e.m.) 

Control 210 
186  

(88.6 ± 0.1) 

47  

(22.4 ± 0.9) 

139  

(66.2 ± 0.8) 
139 

39 

(28.1 ± 0.8)a 

100 

(71.9 ± 0.8)a 
60 

21 

(35.0 ± 1.0)a 

25 

(41.6 ± 0.9)a 

CDMSO 220 
195  

(88.6 ± 0.5) 

50  

(22.7 ± 0.2) 

145  

(65.9 ± 0.7) 
145 

42 

(28.9 ± 0.6)a 

103 

(71.0 ± 0.6)a 
63 

22 

(35.0 ± 1.0)a 

26 

(41.2 ± 1.5)a 

Inh III 277 
245  

(88.8 ± 1.2) 

58  

(20.9 ± 0.7) 

187  

(67.4 ± 1.6) 
187 

106 

(56.7 ± 0.8)b 

81 

(43.3 ± 0.8)b 
61 

14 

(23.0 ± 1.6)b 

15 

(24.6 ± 0.8)b 

Inh IV 273 
243  

(89.4 ± 0.5) 

58  

(21.3 ± 1.0) 

185  

(67.8 ± 1.1) 
185 

116  

(63.0 ± 0.9)c 

68 

(37.0 ± 0.9)c 
48 

9 

(18.6 ± 1.5)b 

10 

(20.7 ± 1.9)b 

MJEGA: embryos cultured from 8-cell to 16-cell stage (54–96 hpi) in SOF+5% FCS (Control), supplemented or not with 15 µM of AKT Inhibitor III (Inh III) or with 10 
µM of AKT Inhibitor IV (Inh IV), or with 0.03% dimethyl sulfoxide (CDMSO). Data are the mean ± s.e.m. Within columns, different superscript letters indicate significant 
difference (P<0.001) between treatments. 
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Figure 27. Representative images of immunofluorescence phosphorylation of AKT (Thr308) in in vitro produced bovine 8-, 16-cell stage embryos and blastocysts 
cultured during 21 - 54 hpi (MNEGA: presumptive zygote to 8-cell stage) or during 54 - 96 hpi (MJEGA: 8- to 16-cell stage) in SOF with 5% FCS (Control); supplemented 
or not with 15 µM  of AKT Inhibitor III (Inh III) or with 10 µM of AKT Inhibitor IV (Inh IV), or with 0.03% dimethyl sulfoxide (DMSO vehicle for nobiletin and AKT 
Inhibitors dilution (CDMSO)). Positive staining for p-AKT proteins shown in green. Cell nuclei were counterstained with Hoechst stain (blue). Images were captured 
on 63× objective. Scale bar 20 µm.
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Immunofluorescence analysis revealed immunoreactive proteins for p-AKT in 8-cell 

embryos (MNEGA), 16-cell embryos (MJEGA) and bovine Day 7 blastocysts from both EGA phases. 

During MNEGA, AKT significantly decreased its phosphorylation intensity in 8-cell stage embryos 

and blastocysts in presence of AKT inhibitor. Even so, the 8-cell stage embryos had the weakest 

signal not only in 8-cell embryos but also in the blastocysts produced with AKT inhibitors (Figure 

27). Similar phosphorylation intensity was observed during MJEGA, with significantly decreased 

phosphorylation signal in 16-cell embryos and blastocysts produced with AKT inhibitors. 

However, for Inh III the phosphorylation signal in blastocysts was weaker compared to control 

groups and Inh IV (Figure 27). 

 

4.3.2. Recovery of the adverse effects of AKT inhibition on early embryo 

development with nobiletin supplementation during MNEGA or MJEGA 

 

For all experimental groups, only embryos reached the 8-cell stage at 54 hpi were selected 

for the study. As shown in Figure 28A and Table 10 for MNEGA phase, cleavage rate was not 

different between groups (range: 86.1 ± 0.3% to 88.0 ± 0.4%). At 54 hpi, nobiletin 

supplementation (66.2 ± 0.4%) significantly increased (P<0.001) the proportion of embryos 

reaching 8-cell stage compared to all other groups (range: 31.1 ± 0.3% to 61.4 ± 0.4%); while, 

supplementation of Inh III (38.0 ± 0.3%) and Inh IV (31.1 ± 0.3%) significantly decreases 

(P<0.001) the proportion of embryos reaching 8-cell stage compared to all other groups (range: 

46.0 ± 0.5% to 66.2 ± 0.4%) (Figure 28B, Table 10). However, combination of nobiletin with AKT 

inhibitors retrieve their adverse effect in terms of the proportion of 8 cell stage embryos with 

Nob+Inh III group (59.2 ± 0.5%) being similar to Control (61.4 ± 0.4%) and CDMSO (60.8 ± 0.5%) 

groups, while Nob+Inh IV group (46.0 ± 0.5%) was intermediate (Figure 28B, Table 10). 

 

Similarly, blastocyst yield at Day 7 and 8 (Figure 28C, Table 10) was significantly higher 

(P<0.001) for Nob group (42.5 ± 0.8% and 46.2 ± 1.2%, respectively) compared to the rest of the 

groups (range: 14.9 ± 0.8% to 34.2 ± 1.2% and 19.0 ± 0.8% to 38.6 ± 1.7%, respectively); while 

for Inh III (19.6 ± 0.9% and 21.6 ± 0.8%, respectively) and Inh IV (14.9 ± 0.8% and 19.0 ± 0.8%, 

respectively) groups was significantly lower (P<0.001) to both controls and Nob+Inh III groups 

(Figure 28C, Table 10). Nevertheless, nobiletin was able to retrieve the adverse developmental 

effect of AKT Inhibitor III in blastocyst yield on Day 7 and 8 (34.2 ± 1.2% and 38.6 ± 1.2%, 

respectively) being similar to Control (33.9 ± 0.9% and 38.6 ± 1.7%, respectively) and CDMSO 

(33.5 ± 0.9% and 37.6 ± 1.7%, respectively) groups, while for Inh IV the effect was limited (Figure 

28C, Table 10). 
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Table 10. Cleavage rate and kinetics of development at 54 hpi and cumulative blastocyst rates on 
Days 7 and 8 after in vitro culture with or without nobiletin and/or AKT inhibitors supplemented 
during MNEGA. 
 

 
IVC 
N 

Total cleaved 
54 hpi 

N  
(% ± s.e.m.) 

 
< 8 cells 

N  
(% ± s.e.m.) 

 
≥ 8 cells 

N  
(% ± s.e.m.) 

IVC 
54 hpi 

N 

Blastocysts 

Day 7 Day 8 

N  
(% ± s.e.m.) 

N 
(% ± s.e.m.) 

Control 560 
483  

(86.4 ± 0.7) 

139  

(24.8 ± 0.8)a 

344  

(61.4 ± 0.4)a 
224 

76  

(33.9 ± 0.9)a 

86  

(38.6 ± 1.7)a 

CDMSO 597 
514  

(86.1 ± 0.6) 

151  

(25.3 ± 0.7)a 

363  

(60.8 ± 0.5)a 
243 

81  

(33.5 ± 0.9)a 

92  

(37.6 ± 1.7)a 

Inh III 818 
705  

(86.1 ± 0.3) 

395  

(48.0 ± 0.6)b 

310  

(38.0 ± 0.3)b 
190 

37  

(19.6 ± 0.9)b 

41  

(21.6 ± 0.8)bc 

Inh IV 948 
828  

(87.2 ± 0.3) 

534  

(56.1 ± 0.5)c 

294  

(31.1 ± 0.3)c 
174 

27  

(14.9 ± 0.8)c 

33  

(19.0 ± 0.8)b 

Nob 660 
581  

(88.0 ± 0.4) 

144  

(21.8 ± 0.4)d 

437  

(66.2 ± 0.4)d 
317 

133  

(42.5 ± 0.8)d 

145  

(46.2 ± 1.2)d 

Nob+Inh 

III 
549 

476  

(86.6 ± 0.6) 

151  

(27.5 ± 0.7)a 

325  

(59.2 ± 0.5)a 
205 

70  

(34.2 ± 1.2)a 

79  

(38.6 ± 1.2)a 

Nob+Inh 

IV 
651 

574  

(87.8 ± 0.3) 

273  

(41.9 ± 0.4)e 

30 1  

(46.0 ±0.5)e 
181 

37  

(21.1 ± 1.6)b 

44  

(24.6 ± 0.9)c 

MNEGA: embryos cultured from zygotes to 8-cell stage (21–54 hpi) in SOF+5% FCS (Control), supplemented 
or not with 15 µM of AKT Inhibitor III (Inh III) or with 10 µM of AKT Inhibitor IV (Inh IV), or with 10 µM 
nobiletin (Nob), or with 10 µM nobiletin + 15 µM of AKT Inhibitor III (Nob+Inh III), or with 10 µM nobiletin 
+ 10 µM of AKT Inhibitor IV (Nob+Inh IV), or with 0.03% dimethyl sulfoxide (DMSO vehicle for nobiletin 
and AKT Inhibitors dilution (CDMSO)). Data are the mean ± s.e.m. Within columns, different superscript 
letters indicate significant difference (P<0.001) between treatments. 

 

 

As shown in Figure 28D and Table 11, during MJEGA cleavage rate at 54 hpi was similar 

for all groups (range: 86.2 ± 0.6% to 87.0 ± 0.5%) and the proportion of embryos that reached the 

8-cell stage was around 65.0% for all groups as expected. At 96 hpi, the proportion of embryos 

reaching 16-cell was significantly higher (P<0.001) for Control (71.6 ± 0.6%), CDMSO (69.8 ± 

0.9%) and Nob (68.6 ± 0.7%) compared to Inh III (42.7 ± 0.3%), Inh IV (35.2 ± 0.4%), Nob+Inh III 

(58.6 ± 0.5%), and Nob+Inh IV (54.7 ± 0.6%) groups; while Nob was significantly lower (P<0.001) 

to Control but similar to CDMSO (Figure 28E, Table 11). As expected, supplementation of AKT 

Inhibitors decrease (P<0.001) the proportion of embryos reaching 16-cell stage compared to all 

other groups. However, combination of nobiletin with AKT inhibitors increase (P<0.001) the 

proportion of 16-cell stage embryos compared to AKT inhibitors alone but still being lower 

(P<0.001) to the remaining groups (Figure 28E, Table 11).  
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Blastocyst yield at Day 7 and 8 (Figure 28F, Table 11) was significantly higher (P<0.001) 

for Nob group (57.6 ± 1.7% and 62.4 ± 1.6%, respectively) compared to the rest of the groups 

(range: 17.2 ± 0.8% to 38.8 ± 1.5% and 22.7 ± 0.9% to 44.0 ± 1.9%, respectively); while for Inh III 

(22.9 ± 1.3% and 28.9 ± 0.6%, respectively)  and Inh IV (17.2 ± 0.8% and 22.7 ± 0.9%, 

respectively) groups was significantly lower (P<0.001) to both controls and Nob+Inh III groups 

(Figure 28E, Table 11). Nevertheless, as in MNEGA phase, nobiletin was able to retrieve the 

adverse developmental effect of AKT Inhibitor III in blastocyst yield on Day 7 and 8 (38.8 ± 1.5% 

and 42.1 ± 1.7%, respectively) being similar to Control (36.7 ± 0.8% and 41.7 ± 0.8%, 

respectively) and CDMSO (38.6 ± 1.1% and 44.0 ± 1.9%, respectively) groups, while for Inh IV the 

effect was limited (Figure 28F, Table 11). 
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Table 11. Cleavage rate and kinetics of development at 54 and 96 hpi and cumulative blastocyst rates on Days 7 and 8 after in vitro culture with or 

without nobiletin and/or AKT inhibitors supplemented during MJEGA. 

 
IVC 

N 

Total 

cleaved 

54 hpi 

N 

(% ± s.e.m.) 

 

< 8 cells 

N 

(% ± s.e.m.) 

 

≥ 8 cells 

N 

(% ± s.e.m.) 

IVC 

54 

hpi 

N 

 

< 16 cells 

N 

(% ± s.e.m.) 

 

≥ 16 cells 

N 

(% ± s.e.m) 

IVC 

96 

hpi 

N 

Blastocysts 

Day 7 Day 8 

N 

(% ± s.e.m.) 

N 

(% ± s.e.m.) 

Control 594 
531 

(87.0 ± 0.5) 

140 

(23.5 ± 0.6)a 

391 

(65.9 ± 0.6)a 
391 

110 

(28.3 ± 0.7)a 

281 

(71.6 ± 0.6)a 
161 

62 

(36.7 ± 0.8)a 

71 

(41.7 ± 0.8)a 

CDMSO 651 
581 

(86.8 ± 0.7) 

164 

(25.2 ± 0.4)ab 

417 

(64.0 ± 0.4)ab 
417 

126 

(30.2 ± 0.9)ad 

291 

(69.8 ± 0.9)ad 
171 

64  

(38.6 ± 1.1)a 

75  

(44.0 ± 1.9)a 

Inh III 1080 
965 

(86.4 ± 0.5) 

278 

(25.8 ± 0.5)ab 

687 

(63.5 ± 0.5)ab 
687 

394 

(57.4 ± 0.3)b 

293 

(42.7 ± 0.3)b 
173 

44 

(22.9 ± 1.3)b 

48 

(28.9 ± 0.6)b 

Inh IV 1109 
997 

(86.3 ± 0.4) 

295 

(26.6 ± 0.5)b 

702 

(63.3 ± 0.5)b 
702 

166 

(65.0 ± 0.3)c 

387 

(35.2 ± 0.4)c 
134 

27 

(17.2 ± 0.8)c 

30  

(22.7 ± 0.9)c 

Nob 639 
569 

(86.2 ± 0.6) 

129 

(20.2 ± 0.3)c  

440 

(68.9 ± 0.3)c 
440 

138 

(31.4 ± 0.7)d 

302 

(68.6 ± 0.7)d 
182 

109 

(57.6 ± 1.7)d 

120  

(62.4 ± 1.6)d 

Nob+Inh 

III 
821 

734 

(86.2 ± 0.6) 

205 

(25.3 ± 0.3)ab 

529 

(64.0 ± 0.4)ab 
529 

215 

(41.4 ± 0.5)e 

304 

(58.6 ± 0.5)e 
184 

72 

(38.8 ± 1.5)a 

81  

(42.1 ± 1.7)a 

Nob+Inh 

IV 
849 

753 

(86.2 ± 0.6) 

203 

(23.9 ± 0.3)a 

550 

(64.8 ± 0.5)ab 
550 

250 

(45.5 ± 0.5)f 

300 

(54.7 ± 0.6)f 
205 

48 

(25.7 ± 1.1)b 

56  

(33.5 ± 1.3)b 

MJEGA: embryos cultured from 8-cell to 16-cell stage (54-96 hpi) in SOF+5% FCS (Control), supplemented or not with 15 µM of AKT Inhibitor III (Inh III) or with 10 
µM of AKT Inhibitor IV (Inh IV), or with 10 µM nobiletin (Nob), or with 10 µM nobiletin + 15 µM of AKT Inhibitor III (Nob+Inh III), or with 10 µM nobiletin + 10 µM 
of AKT Inhibitor IV (Nob+Inh IV), or with 0.03% dimethyl sulfoxide (DMSO vehicle for nobiletin and AKT Inhibitors dilution (CDMSO)). Data are the mean ± s.e.m. 
Within columns, different superscript letters indicate significant difference (P<0.001) between treatments. 
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Figure 28. Developmental rates of in vitro produced bovine embryos cultured during 21 - 54 hpi (MNEGA: 
A, B, C) or during 54 - 96 hpi (MJEGA: D, E, F) in SOF with 5% FCS (Control); supplemented or not with 15 
µM of AKT Inhibitor III (Inh III) or with 10 µM of AKT Inhibitor IV (Inh IV), or with 10 µM nobiletin (Nob), 
or with 10 µM nobiletin + 15 µM of AKT Inhibitor III (Nob+Inh III), or with 10 µM nobiletin + 10 µM of AKT 
Inhibitor IV (Nob+Inh IV), or with 0.03% dimethyl sulfoxide (DMSO vehicle for nobiletin and AKT Inhibitors 
dilution (CDMSO)). (A, D) Total cleavage rate at 54 hpi; (B, E) embryos ≥ or < 8-cell stage at 54 hpi and ≥ or 
< 16-cell stage at 96 hpi; (C, F) blastocyst rate on Days 7-8 pi (in vitro fertilization = Day 0). Results are 
expressed as mean ± s.e.m. Significant differences (P<0.001) are indicated with different letters. 
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4.3.3. Nobiletin supplementation retrieves the harmful effects of AKT inhibition on 

early embryo quality during EGA. 

As showed in Figure 29A, the mRNA abundance of GPX1, NFE2L2 and POU5F1 transcripts 

significantly increased in 8-cell stage embryos (MNEGA) from Nob group, while it was decreased 

(P<0.05) from AKT inhibitors compared to all other groups. Although, nobiletin supplementation 

was able to partially recover the adverse effect of AKT inhibitors for these transcripts, their 

expression was still lower (P<0.05) than controls groups. No differences were observed for CDX2, 

CHD1, DNMT3B and KLF4 transcripts (Figure 29A).  

As showed in Figure 29B, the mRNA abundance of CDX2, GPX1, NFE2L2, POU5F1, and 

FOSL1 transcripts significantly increased in 16-cell stage (MJEGA) from Nob group, while it was 

decreased (P<0.05) from AKT inhibitors compared to all other groups. Although, nobiletin 

supplementation was able to partially recover the adverse effect of AKT inhibitors for these 

transcripts, their expression was still lower (P<0.05) than controls groups. No differences were 

observed for the CHD1, DNMT3B and KLF4 transcripts (Figure 29B). 

Nobiletin supplementation during MNEGA or MJEGA significantly increased (P<0.001) the 

blastocysts total cell number (MNEGA: 161.7 ± 0.3 and MJEGA: 164.7 ± 0.6), whereas AKT Inh III 

(MNEGA: 95.4 ± 0.6 and MJEGA: 92.8 ± 0.8) and Inh IV (MNEGA: 93.1 ± 1.0 and MJEGA: 78.3 ± 1.0) 

significantly decreased (P<0.001) the blastocysts total cell number when compared to all other 

groups (Tables 12, 13).  

However, nobiletin was able to recover the adverse effect of AKT inhibitors by increasing 

the blastocysts total cell number from MNEGA group (Nob+Inh III: 133.1 ± 0.9 and Nob+Inh IV: 

129.7 ± 0.3) and MJEGA group (Nob+Inh III: 129.2 ± 0.8 and Nob+Inh IV: 127.2 ± 0.6), although 

still being significantly lower than control groups. Similar trends were observed for TE and ICM 

cells (Tables 12,13; Figure 30). 
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Figure 29. Relative mRNA transcript abundance of embryo development-related genes in in vitro produced 
bovine early embryos. (A) 8-cell stage embryos cultured during 21-54 hpi (MNEGA: presumptive zygotes to 
8-cell stage) and (B) 16-cell stage embryos cultured during 54-96 hpi (MJEGA: 8- to 16-cell stage) in SOF 
with 5% FCS (Control); supplemented or not with 15 µM of AKT Inhibitor III (Inh III) or with 10 µM of AKT 
Inhibitor IV (Inh IV), or with 10 µM nobiletin (Nob), or with 10 µM nobiletin + 15 µM of AKT Inhibitor III 
(Nob+Inh III), or with 10 µM nobiletin + 10 µM of AKT Inhibitor IV (Nob+Inh IV), or with 0.03% dimethyl 
sulfoxide (DMSO vehicle for nobiletin and AKT Inhibitors dilution (CDMSO)). The relative abundance of the 
transcripts was normalized to H2AFZ and ACTB as housekeeping genes. Data are the mean±s.e.m. Different 
letters indicate significant difference (P<0.05) between treatments. 
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Table 12. Blastocysts cell number after in vitro culture with or without nobiletin and/or AKT 

inhibitors III or IV during MNEGA. 

 
No. 

blastocysts 
processed 

 
No. Total 

nuclei 
 

No. ICM 
nuclei 

No. TE nuclei 
Ratio 

ICM/TE 

Control 31 150.0 ± 0.4a 45.4 ± 0.3a 104.5 ± 0.4a 0.4 ± 0.02 

CDMSO 30 148.1 ± 0.4a 44.5 ± 0.2a 103.6 ± 0.3a 0.4 ± 0.01 

Inh III 28 95.4 ± 0.6b 33.5 ± 0.8b 61.8 ± 0.8b 0.5 ± 0.11 

Inh IV 24 93.1 ± 1.0b 31.3 ± 1.0b 61.8 ± 1.4b 0.5 ± 0.14 

Nob 33 161.7 ± 0.3c 57.3 ± 0.5c 104.4 ± 0.6a 0.5 ± 0.04 

Nob+Inh III 31 133.1 ± 0.9d 42.8 ± 0.3ad 90.4 ± 0.7c 0.5 ± 0.02 

Nob+Inh IV 27 129.7 ± 0.3e 42.0 ± 0.2ad 87.7 ± 0.2c 0.5 ± 0.02 

MNEGA: embryos cultured from zygotes to 8-cell stage (21–54 hpi) in SOF+5% FCS (Control), supplemented 
or not with 15 µM of AKT Inhibitor III (Inh III) or with 10 µM of AKT Inhibitor IV (Inh IV), or with 10 µM 
nobiletin (Nob), or with 10 µM nobiletin + 15 µM of AKT Inhibitor III (Nob+Inh III), or with 10 µM nobiletin 
+ 10 µM of AKT Inhibitor IV (Nob+Inh IV), or with 0.03% dimethyl sulfoxide (CDMSO). ICM: inner cell mass; 
TE: trophectoderm. Data are the mean ± s.e.m. Within columns, different superscript letters indicate 
significant difference (P<0.001) between treatments. 

 

Table 13. Blastocysts cell number after in vitro culture with or without nobiletin and/or AKT 

inhibitors III or IV during MJEGA. 

 
No. 

blastocysts 
processed 

No. Total  
nuclei 

No. ICM 
nuclei 

No. TE 
nuclei 

Ratio 
ICM/TE 

Control 34 151.3 ± 0.6a 47.5 ± 0.6a 103.9 ± 0.9a 0.5 ± 0.05 

CDMSO 31 150.0 ± 0.6a 46.4 ± 0.6a 103.6 ± 0.9a 0.5 ± 0.05 

Inh III 29 92.8 ± 0.8b 35.6 ± 0.5b 57.4 ± 1.0b 0.6 ± 0.09 

Inh IV 27 78.3 ± 1.0c 33.6 ± 0.5b 44.7 ± 0.9c 0.7 ± 0.10 

Nob 34 164.7 ± 0.6d 57.6 ± 0.6c 107.1 ± 0.9d 0.5 ± 0.05 

Nob+Inh III 26 129.2 ± 0.8e 52.0 ± 0.6d 77.2 ± 1.0e 0.7 ± 0.07 

Nob+Inh IV 24 127.2 ± 0.6e 52.3 ± 0.7d 74.9 ± 1.2e 0.7 ± 0.10 

MJEGA: embryos cultured from 8-cell to 16-cell stage (54-96 hpi) in SOF+5% FCS (Control), supplemented 
or not with 15 µM of AKT Inhibitor III (Inh III) or with 10 µM of AKT Inhibitor IV (Inh IV), or with 10 µM 
nobiletin (Nob), or with 10 µM nobiletin + 15 µM of AKT Inhibitor III (Nob+Inh III), or with 10 µM nobiletin 
+ 10 µM of AKT Inhibitor IV (Nob+Inh IV), or with 0.03% dimethyl sulfoxide (CDMSO). ICM: inner cell mass; 
TE: trophectoderm. Data are the mean ± s.e.m. Within columns, different superscript letters indicate 
significant difference (P<0.001) between treatments. 
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Figure 30. Representative images of bovine blastocyst differential cell count. Embryos cultured from 8-cell 
to 16-cell stage (MJEGA: 54-96 hpi) in SOF+5% FCS (Control), supplemented or not with 15 µM of AKT 
Inhibitor III (Inh III) or with 10 µM  of AKT Inhibitor IV (Inh IV), or with 10 µM nobiletin (Nob), or with 10 
µM nobiletin + 15 µM of AKT Inhibitor III (Nob+Inh III), or with 10 µM nobiletin + 10 µM of AKT Inhibitor 
IV (Nob+Inh IV), or with 0.03% dimethyl sulfoxide (DMSO vehicle for nobiletin and AKT Inhibitors dilution 
(CDMSO)). Total cell number were determined based on Hoechst nuclei staining (left image), TE cells were 
detected by antiCDX2 (middle image) and DAPI positive CDX2 negative cells correspond to ICM (right 
image). Scale bar 50 µm. 
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4.3.4. Nobiletin supplementation modulates the AKT signaling pathway in early 

bovine embryos during EGA 

Our results revealed that nobiletin ameliorates the negative effects of AKT inhibition on 

preimplantation development and embryo quality parameters in bovine.  

Therefore, to determine whether nobiletin recovers the effects of AKT inhibition through 

modulation of rpS6 phosphorylation, one of the protein downstream of AKT in PI3K/AKT 

pathway activation, a western blot analysis showed that p-rpS6 level on 8-cell stage embryos 

from MNEGA was significantly lower from both AKT inhibitor groups compared to Nobiletin and 

control groups. When we supplemented the embryos with nobiletin in addition to the Inh III, 

nobiletin was able to partially recover the adverse effect of the inhibitor, showing a rpS6 

phosphorylation level significantly higher (P<0.05), although the nobiletin was not able to 

recover totally the previous phosphorylation level showed in Nob and both control groups. In 

contrast, nobiletin was not able to reverse the effect caused by the Inh IV on the phosphorylation 

level of the rpS6 protein (Figure 31A).  

In the case of 16-cell stage embryos from MJEGA, the presence of both AKT inhibitors 

decreased the p-rpS6 level significantly but, in this case, the supplementation with nobiletin was 

able to recover significantly (P<0.05) the p-rpS6 level in the presence of both Inh III and Inh IV. 

Although nobiletin was not able to recover totally the previous phosphorylation level showed in 

Nob and both control groups, the nobiletin, by itself, was able to generate a significantly higher 

level of p-rpS6 than any studied group level (Figure 31B). 
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Figure 31. Representative Western blot images of rpS6 and actin protein levels in in vitro produced bovine 
early embryos. (A) 8-cell stage embryos cultured during 21-54 hpi (MNEGA: presumptive zygotes to 8-cell 
stage) and (B) 16-cell stage embryos cultured during 54-96 hpi (MJEGA: 8- to 16-cell stage) in SOF with 5% 
FCS (Control); supplemented or not with 15 µM of AKT Inhibitor III (Inh III) or with 10 µM of AKT IV 
Inhibitor (Inh IV), or with 10 µM nobiletin (Nob), or with 10 µM nobiletin + 15 µM of AKT Inhibitor III 
(Nob+Inh III), or with 10 µM nobiletin + 10 µM of AKT Inhibitor IV (Nob+Inh IV), or with 0.03% dimethyl 
sulfoxide (DMSO vehicle for nobiletin and AKT Inhibitors dilution (CDMSO)). Data were normalized relative 
to the abundance of actin and p-rps6 level. Data are the mean ± s.e.m. Different letters indicate significant 
difference (P<0.05) between treatments. 
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5. Discussion 

 

Nobiletin, a class of polymethoxylated flavonoid identified from the citrus peel, is easily 

absorbed across the cytoplasmic membranes due to its structure and lipophilic nature. Besides, 

clear evidence showed that it interacts with several signaling pathways (ERK, PI3K/AKT, CREB) 

to promote survival in various cell lines and that it also has a broad range of biological effects 

including cell cycle regulation, reduction of apoptosis and antioxidation. To our knowledge, the 

present studies are the first to investigate the effects of nobiletin supplementation during IVM 

and IVC in oocyte quality and their developmental competence as well as embryo quality in cattle.  

Nobiletin influences the steroidogenesis of cumulus cells during IVM 

Cumulus cells play an important role during oocyte growth and maturation, they provide 

nutrients (Eppig, 1982) and mediate the effects of hormones during oocyte maturation (Zuelke & 

Bracketf, 1990). Mingoti et al. (2002) demonstrated that CCs of bovine COCs can secrete E2 and 

P4 in maturation media, and Endo et al. (2013) and Sakaguchi et al. (2018), demonstrated that 

exogenous and endogenous E2 by GCs directly supports the in vitro development of bovine COCs. 

In the first experiment, supplementation with 25 and 50 µM nobiletin in maturation medium 

increases E2 and P4 production by CCs. This is in line with a study by Horigome et al. (2016) that 

demonstrated that nobiletin enhanced testosterone production in cultures of Leydig cells via 

cAMP/CREB signaling. Therefore, our results indicated that nobiletin might act directly or 

synergistically with other hormones during oocyte maturation to alter the CCs steroidogenesis in 

vitro and thus, the increase of P4 and E2 production, without any steroid hormone 

supplementation, plays a positive role in oocyte nuclear and cytoplasmic maturation. 

Nobiletin promotes concomitant nuclear and cytoplasmic oocyte maturation  

Nuclear maturation was improved by nobiletin supplementation to the IVM medium. This 

is in line with other studies using different antioxidants, such as resveratrol, astaxanthin or 

melatonin supplementation in bovine oocyte maturation in vitro (Pang et al., 2018; Wang et al., 

2014). In contrast, other studies in pigs (Kere et al., 2012) and cattle (Sovernigo et al., 2017) using 

a broad spectrum of antioxidants did not show an effect on the nuclear maturation rate. These 

contradictory results suggest that different effects of antioxidants on nuclear maturation could 

be related to their capacity to activate the MAPK pathway since in mammals MAPK is responsible 

for meiotic progression (Fan & Sun, 2004), and in bovine oocytes the two main isoforms (ERK1/2) 

of MAPK are activated near the time of GVBD (Quetglas et al., 2010). One of the biological effects 

of nobiletin is the activation of MAPK activity shown in different cell types (Huang et al., 2016). 



 Discussion 
 

120 
 

Hence, a more plausible explanation for an increase in M-II following nobiletin supplementation 

could be through P4 and stimulation of MAPK1/ERK2, which plays a fundamental role in the 

regulation of microtubule organization, spindle assembly, chromosome distribution and meiosis 

resumption (Gordo et al., 2001). A similar function was demonstrated for resveratrol with 

improved meiosis resumption by enhancing the expression of Mos/MEK1/p42 MAPK cascade 

genes (Wang et al., 2014). Based on the above, it could be hypothesized that nobiletin regulates 

the secretion of androgens in the CCs, and improved meiosis resumption by activation of MAPK; 

however, further experiments are necessary to corroborate this hypothesis. 

Next, we observed that supplementation of nobiletin during in vitro maturation improved 

also cytoplasmic maturation. The migration of CG to the cortical region of the oocyte, as well as 

mitochondrial distribution and their activity, are suitable indicators to analyze cytoplasmic 

maturation (El-Raey et al., 2011; Mo et al., 2014). Hosoe & Shioya, (1997) and Hoodbhoy et al. 

(2001) demonstrated that proteins released by the CG are also necessary for preimplantation 

embryo development. Our results demonstrated that the addition of 25 or 50 µM nobiletin to IVM 

medium significantly increased peripheral distribution of CG, suggesting that nobiletin at these 

concentrations could act by promoting a better organization of microfilaments and therefore, 

improving CG migration. A similar effect of CG migration was described with sodium 

nitroprusside for bovine oocyte in vitro maturation (Viana et al., 2007).  

Mitochondria play an important role since they are a key component of the metabolic 

machinery responsible for the supply of energy that is consumed during the maturation process 

(Ferreira et al., 2009) and are also the main generator of free radicals in mammals (Brand et al., 

2013). The movement of mitochondria to areas of high energy consumption is crucial for the 

oocyte and the embryo during critical periods of the cell cycle. For this reason, the mitochondrial 

cytoplasmic distribution pattern has been associated with the quality and developmental capacity 

of mammalian oocytes and embryos (Egerszegi et al., 2010). In the first experiment, we 

demonstrated that the addition of 25 or 50 µM nobiletin to IVM medium significantly increased 

mitochondrial migration, giving rise to granular aggregations throughout the cytoplasm in the 

oocyte after IVM. This pattern of distribution is similar to that described for bovine oocytes in 

other studies, which revealed that mitochondrial reorganization is necessary for cytoplasmic 

maturation, rearrangement of the cytoskeleton and developmental capacity after IVF (Lima et al., 

2018; Zhao et al., 2018). Another important function of mitochondria is to synthesize ATP through 

β-oxidation and this process involves the electron transport chain (Ambrogi et al., 2017). 

However, electrons may be lost during this process and could be bond to O2, resulting in the 

production of ROS that decreases the developmental competence of the oocyte (Barja, 2007). 
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Thus, our results of increased oocyte mitochondrial activity could be related to the cytoprotective 

effects of nobiletin and its intrinsic ROS-scavenging property. 

Nobiletin protects the oocyte from oxidative stress damage 

Under normal conditions, cells maintain their ROS levels in equilibrium (Sovernigo et al., 

2017), while during IVM, the cells may suffer disturbances in redox equilibrium having 

deleterious effects on development (Pamplona & Costantini, 2011; Rocha-Frigoni et al., 2016). 

However, studies demonstrated that the addition of antioxidants into the culture medium reduces 

the harmful effects of ROS during IVM and offers a way of protecting the oocyte and subsequent 

embryo (Kere et al., 2012; Sovernigo et al., 2017). In the oocyte, the main ROS scavenger system 

GSH uses a reducing power provided by oxidative metabolism (Rocha-Frigoni et al., 2016). Our 

results show that 25 or 50 µM nobiletin supplementation in IVM medium reduced the 

intracellular ROS levels, which is in agreement with the use of other flavonoids such as resveratrol 

(Wang et al., 2014), quercetin and taxifolin (Kang et al., 2016) and other classes of antioxidants 

like vitamin C (Sovernigo et al., 2017). Regarding nobiletin, studies in cell cultures demonstrated 

its ability to significantly decrease ROS generation (Choi et al., 2007) but to date, there are no 

studies available on its effects in oocytes and embryos. Nobiletin has a beneficial effect on cell 

protection (Huang et al., 2016), and like other antioxidants, this effect could be produced due to 

its hydrophobic nature, which allows it to incorporate into the membrane (Kang et al., 2016), 

inhibiting ROS attack and decreasing lipid peroxidation. Therefore, the positive effect observed 

in our study could be attributed to this property. 

In cytoplasmic maturation, GSH is considered a biochemical marker for oocyte quality, 

and plays an important role in maintaining redox homeostasis, hence protecting the embryo from 

oxidative damage before genomic activation (de Matos & Furnus, 2000). Our results showed 

decreased levels of GSH in 25 or 50 µM nobiletin supplemented groups, opposed to other studies 

reporting either a reduction in ROS levels associated with an increase in GSH levels (Sovernigo et 

al., 2017; Wang et al., 2014) or no increase in GSH levels in bovine oocytes (Rocha-Frigoni et al., 

2016). A reasonable explanation for this could be due to the highest mitochondrial activity found 

in the oocytes from Nob25 and Nob50 groups. It is widely known that increased mitochondrial 

activity leads to an increase in the exchange of electrons in the inner mitochondrial membrane, 

which is considered one of the main sources of ROS production (Zhao et al., 2011). Despite a high 

mitochondrial activity, the intracellular ROS levels in the mature oocytes from the Nob25 and 

Nob50 groups were lower than those observed in the oocytes from the control groups, suggesting 

that GSH was consumed to avoid the harmful effects of the high levels of ROS. This explanation 

has been proposed before by Rocha-Frigoni et al. (2016) for cysteine and cysteamine antioxidant 
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activity during bovine oocyte IVM and by Qu et al. (2018) for nobiletin reduction of ROS levels in 

response to cadmium-induced neuronal injury in rats. 

Nobiletin improves oocyte developmental competence and embryo quality 

Improvements in oocyte quality by 25 and 50 µM nobiletin supplementation during in 

vitro maturation were reflected by increased blastocyst development rates on Day 7 and 8. These 

results are in line with other studies which evaluated other flavonoids like resveratrol (Wang et 

al., 2014), or antioxidants such as cysteamine (Sovernigo et al., 2017), vitamin C (Torres et al., 

2019), lycopene (Chowdhury et al., 2017) and carnitine (Mishra et al., 2016) in the IVM medium. 

Furthermore, flavonoids or antioxidants in the IVM showed an interaction with the expression of 

certain qualitatively related genes to the development of mature oocytes and/or the production 

of blastocysts. 

To test whether the effects of nobiletin during IVM were related to gene expression 

changes, we analyzed the expression of candidate genes for oxidative stress, embryo 

development, and quality. SOD2, an indicator of oxidative stress (Mishra et al., 2016) was 

downregulated in oocytes and CCs obtained from Nob25 and Nob50 groups compared with 

controls, whereas in blastocysts it was not altered. This is in accordance with the findings of 

Gülçin (2006), who showed that superoxide plays an important role in the neutralization of ROS, 

so a reduction in ROS formation requires less SOD2 to neutralize free radicals. On the other hand, 

CLIC1 is considered a sensor of cell oxidation (Averaimo et al., 2010; Goodchild et al., 2009) and 

is involved in ROS production (Averaimo et al., 2010). Our results showed that CLIC1 was 

downregulated in blastocysts obtained from Nob25 and Nob50 groups compared with the 

controls, in both cases with increased embryo yield, which agree with earlier studies showing 

that CLIC1 expression accompanied by low accumulation of ROS improves embryo development 

(Hamdi et al., 2018). These findings together with the low intracellular ROS and GSH levels in the 

oocytes matured with nobiletin supplementation indicate an improvement of their antioxidant 

activity and consequently an enhanced quality of the produced blastocysts. 

On the other hand, CYP51A1, BMP15, MAPK1, GJA1 and BCL2, are genes considered quality 

biomarkers of in vitro matured oocytes (Li et al., 2015; Salhab et al., 2013). CYP51A1 participates 

in the regulation of cholesterol biosynthesis (Nakamura et al., 2015) and it has been 

demonstrated that biosynthesis of cholesterol is one example of metabolic cooperation between 

GCs and oocytes (Su et al., 2009). Furthermore, the upregulation of the enzyme coded by CYP51A1 

is a result of negative feedback reflecting lowered cholesterol availability, which is implied in the 

lower quality of oocytes (Nakamura et al., 2015). Therefore, downregulation of CYP51A1 mRNA 



Discussion 
 
 

123 
 

expression observed in oocytes and their CCs matured with nobiletin supplementation could be 

an indicator of good quality. In contrast, 50 µM nobiletin supplementation in IVM upregulated the 

expression of CYP51A1 in blastocysts. This is in line with the results of nobiletin supplementation 

in liver cell culture (HepG2), showing upregulation of CYP1 (Cytochrome P450s family) and 

improved cholesterol synthesis due to full methoxylation in the A-ring of nobiletin chemical 

structure (Huang et al., 2016; Noguchi et al., 2016). Hence, nobiletin could act differently 

depending on the cell type, probably due to the bioactivity or its chemical structure, which causes 

that CYP51A1 might be down or upregulated to control cholesterol availability, however, more in-

depth studies are necessary to corroborate this information. 

In mammals, BMP15 is known to be involved in oocyte maturation and cholesterol 

biosynthesis, being specifically expressed in oocytes and acting on CCs, improving oocyte 

competence, and early embryo development in cattle (Caixeta et al., 2013; Hussein et al., 2011). 

Several studies reported an increase in BMP15 transcript during maturation in buffalo (Kathirvel 

et al., 2013) and dog (Lee et al., 2017) oocytes, which are consistent with our findings of an 

increase in BMP15 expression in oocytes and their CCs matured with nobiletin supplementation 

in IVM, related with their improved developmental competence. The MAPK family plays an 

important role in bovine oocyte maturation by inducing GVBD (Inoue et al., 1998). Likewise, 

MAPK1 mRNA plays a key role in oocyte maturation by acting on granulosa and CCs in various 

species including cattle (Quetglas et al., 2010) and dogs (Lee et al., 2017). Our results 

demonstrated that MAPK1 mRNA expression in oocytes and embryos was upregulated, 

suggesting that nobiletin could act on cell cycle regulation as reported by Yoshimizu et al. (2004) 

and Morley et al. (2007) in other types of cells. On the other hand, GJA1, also known as connexin 

43 (Cx43), is a component of gap junctions expressed in CCs and a major mediator of cell-to-cell 

communication via gap junctions, and a proliferation regulator (Brązert et al., 2020). Recently, it 

was shown that CCs of bovine oocytes with higher developmental competence express higher 

GJA1 (Read et al., 2018). These findings are in agreement with our results demonstrating higher 

GJA1 expression in the CCs from oocytes matured with nobiletin. Taken together, these results 

suggest that nobiletin modifies the expression of key genes for oocyte cytoplasmic development 

and maturation, improving their developmental competence and increasing embryo yield. 

Moreover, we observed that during IVM, nobiletin decreased the expression of BCL2 in 

CCs. The downregulation of BCL2 expression is associated with a protective effect and has been 

reported to have a critical role in CCs by acting as a regulator of apoptosis (Boelhauve et al., 2005). 

Studies in cattle showed that lycopene (antioxidant) supplementation during in vitro maturation, 

increases expression of BCL2 exerting a pro-apoptotic effect (Chowdhury et al., 2017). Studies 

that used nobiletin on human cancer cell lines (gastric, hepatic, and breast) showed that nobiletin 
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induced apoptotic cell death by reducing the expression of BCL2 (Chen et al., 2014; Huang et al., 

2016; Morley et al., 2007). However, the molecular mechanisms whereby nobiletin induces 

apoptosis among different carcinogenic cells remain poorly understood. Therefore, it is to be 

assumed that nobiletin has different actions for healthy and unhealthy cells or depending cell 

types. 

Nobiletin supplementation during EGA improves the development and quality of 

preimplantational embryos. 

Irrespective of concentration, addition of nobiletin to culture media during MNEGA phase 

(21-54 hpi) did not affect cleavage rates at 54 hpi as well as the percentage of embryos reach the 

8-cell stage but increased blastocyst production, whereas nobiletin supplementation in culture 

media during MJEGA phase (54-96 hpi) significantly increased the percentage of embryos that 

reach the16-cell stage and blastocyst production. Several studies have shown that during EGA the 

bovine embryo actively synthesize transcription factors and this process directly links to 

chromatin changes, protein allocation, nuclear reorganization and cell proliferation (Graf et al., 

2014; Lequarre et al., 2003). Since in our results developmental kinetics were stimulated with 

more 16-cell embryos by nobiletin during MJEGA, we could hypothesize that nobiletin activates 

early embryonic genes important for the proper genomic function of the embryo during major 

EGA. Although with our experimental design we cannot link this effect specifically with either of 

the two activation phases of the embryonic genome.  

The evidence that nobiletin supplementation improves blastocyst production is in line 

with other studies showing increased embryo development in vitro when culture medium was 

supplemented with biological antioxidants similar to nobiletin (Chowdhury et al., 2018; dos 

Santos et al., 2019; Zullo et al., 2016a,b). Another effect of nobiletin was to induce a significant 

increase in mitochondrial activity and a lower content of lipid droplets in blastocysts from both 

EGA phases analyzed. Mitochondria, so, are considered as energy control units necessary for cell 

division, pluripotency and differentiation (Ge et al., 2012). Cagnone & Sirard, (2016) reported 

that in vivo, during the early cleavages, mitochondria and intracellular metabolism are quiescent. 

Nevertheless, in vitro, this metabolic quiescence is altered due to the presence of nutrients in 

excessive amounts that overstimulate mitochondria and alter their efficiency to respond to 

oxidative phosphorylation (Cagnone & Sirard, 2016). Mitochondria also sense changes in redox 

potential and force embryos to adapt versus the decreased production of ATP by oxidative 

phosphorylation during the transition from morula to blastocyst (Cagnone & Sirard, 2016; Ge et 

al., 2012). Besides, some studies reported that changes in mitochondrial activity may affect the 

development of energetic metabolism in the embryo, in terms of availability of glucose, lipids, 
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amino acids and DNA methylation (Cagnone & Sirard, 2016; Harvey, 2019). Although the 

nobiletin action mechanism in mitochondria has not been fully elucidated, we previously 

observed that increased oocyte mitochondrial activity was related to the cytoprotective effects of 

nobiletin and its intrinsic ROS-scavenging property (Cajas et al., 2020). Nevertheless, the effect in 

the blastocyst could be explained based on the fact that nobiletin is a hydrophobic compound, 

which easily penetrates through cell membranes directly affecting mitochondrial bioenergetics. 

Nobiletin can modify intramitochondrial proteins (e.g. acetylated proteins localized within the 

mitochondria in the brain of rats) (Jojua et al., 2015) or alter the mitochondrial membrane 

potential by changing the activities of mitochondrial enzymes, like succinate dehydrogenase and 

cytochrome c oxidase as it has been demonstrated in human blood lymphocytes (Dabrundashvili 

et al., 2011).  

Lipid content is a crucial factor for early embryo development in vitro in bovine since 

energy metabolism is abnormal under such conditions, resulting in an excessive accumulation of 

lipids associated with reduced embryonic quality (Ghanem et al., 2014). Lipids are stored in 

intracellular droplets and are metabolized via β-oxidation in the mitochondrial matrix. A large 

amount of lipid droplets increases the production of ATP necessary for the formation of 

blastocysts but this can affect its quality; thus, a lower number of lipid droplets in blastocysts is 

considered as a criterion of good quality embryos (Cañón-Beltrán et al., 2020; dos Santos et al., 

2019). Our results showed for both EGA phases, nobiletin supplementation in culture medium 

reduced the amount of lipids in blastocysts. Furthermore, we analyze the expression of 

proliferator-activated receptor alpha transcript (PPARα), belonging to one of the 3 key nuclear 

receptors in the modulation of transcription for lipid metabolism-related genes (Wahli & 

Michalik, 2012). PPARα was previously detected in cattle embryos and its expression has been 

associated with embryo quality (Childs et al., 2008). In our study, PPARα was significantly 

upregulated in blastocysts produced with both concentrations of nobiletin supplementation 

during MNEGA phase or 10 µM of nobiletin supplementation during MJEGA compared to controls. 

These results together are in line with other studies which demonstrated that antioxidant 

supplementation in IVC medium, like crocetin (Zullo et al., 2016b) and L-carnitine (Mishra et al., 

2016), improved embryo quality by decreasing their lipid content. Regarding nobiletin, studies in 

mice showed its ability to reduce hepatic lipid accumulation, prevent lipoprotein overproduction 

and normalize insulin sensitivity when supplied in the diet (Mulvihill et al., 2011). Moreover, it 

has been demonstrated that nobiletin reduces lipid accumulation and regulates lipidic 

metabolism in hepatic cell lines (Huang et al., 2016; Lin et al., 2011). There is evidence that 

nobiletin upregulates the expression of PPARα in white adipose tissue of mice (Huang et al., 

2016). An explanation for the reduction of lipids by nobiletin has been proposed indicating that 
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full methoxylation of the A-ring of nobiletin seems to be the most optimal structure to express 

potent effects on modulating hepatic lipid metabolism via primarily suppressing lipoprotein 

secretion in HepG2 cells (Lin et al., 2011). Therefore, it appears that the ability of nobiletin to 

reduce lipid content and improve mitochondrial activity in blastocysts may be related to the 

properties of its chemical structure that allows modulation of lipid metabolism and mitochondrial 

activity. Moreover, activation of PPARα by nobiletin could result in increased embryo lipid 

turnover through the β-oxidative pathway, preventing accumulation of lipoperoxides despite 

peroxisomal induction. Recent studies have shown that response of embryos to IVC involves a 

variety of metabolic factors that act as signals of extracellular and intracellular conditions to 

which the early embryos can adapt cell programming, signaling pathways, mitochondrial 

metabolism (mitochondrial production of Acetyl‐Coenzyme A (Acetyl‐Co A) and methyl groups, 

which are dependent on the availability of glucose, lipids and amino acids) or peroxisome 

proliferator-activated receptors (PPARs) in response to lipid content. These factors in the embryo 

are translated into effects on developmental speed or epigenetic modifications (Cagnone & Sirard, 

2016; Canovas et al., 2017; Ramos‐Ibeas et al., 2019). Consequently, this mechanism can reinforce 

the antioxidant-defense role of nobiletin during the early embryo development in vitro. 

Embryo cell number is another parameter correlated with embryonic development and 

quality. Also, it has been reported for different cellular lines (MOLT-4, HUVEC, PC12D, K-N-SH 

cells) that nobiletin exerts its activity by modulating cell cycle progression (Huang et al., 2016). 

We observed that regardless of EGA phase (MNEGA and MJEGA), nobiletin supplementation in 

culture media increased the total cell number of produced blastocysts. This increase rate was 

similar to that observed with other antioxidants such as vitamin C (Hu et al., 2012) or crocetin 

(dos Santos et al., 2019; Zullo et al., 2016b), suggesting that nobiletin could directly stimulate the 

cell cycle during EGA and therefore, improve embryo quality.  

To verify whether if the effects of nobiletin during MNEGA or MJEGA were related to gene 

expression changes in the produced blastocysts, we analyzed the expression of genes related to 

oxidative stress during early embryo development. GPX1, considered the major antioxidant 

enzyme within the Glutathione peroxidase family, is ubiquitously expressed in the cytosol and 

also has been found in mitochondria (Ufer & Wang, 2011). GPX1 acts as a scavenger of hydrophilic 

peroxide species, can be transformed into an enzymatically inactive cellular structural 

component, and protects cells against oxidative damage (Ufer & Wang, 2011). During in vitro 

production ROS generation increases and one of the defenses to counter excess ROS in the embryo 

is GPX1; therefore, GPX1 overexpression has been positively linked with embryo quality (Cebrian‐

Serrano et al., 2013; He et al., 2017). In our study, gene expression analysis revealed the 

upregulation of GPX1 in 8- and 16-cell embryos as well as in blastocysts produced with nobiletin 
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supplementation during MNEGA or MJEGA phases. A similar response has been reported in sheep 

and bovine embryos treated with other types of antioxidants like L-carnitine (Mishra et al., 2016) 

or crocetin (dos Santos et al., 2019). NFE2L2 transcript (also known as Nrf2) is important for 

embryo tolerance to oxidative stress during EGA as well as for its competence for development 

(Gad et al., 2012). PI3K/AKT pathway plays a role in regulating NFE2L2 activation and is involved 

in the regulation of protein kinases, which may induce nuclear translocation (Zou et al., 2013). 

Harris & Hansen, (2012) and Ghanem et al. (2014) reported in mice that up-regulation of NFE2L2 

transcript may protect embryos from oxidative stress through preservation of intracellular redox 

states to ensure normal embryonic development. In the same line, our results showed the relative 

abundance of NFE2L2 transcript increased in 16-cell stage embryos cultured with 10 µM nobiletin 

during MJEGA, while remained unaltered in 8-cell stage embryos as well as in blastocysts from 

both treatments, indicating an embryo stage and EGA phase -dependent effect. Moreover, data 

obtained in cancer cells of mice showed that NFE2L2 mRNA levels were upregulated when 

nobiletin was supplemented in culture medium (Wu et al., 2017). Taken together, these data 

indicate that nobiletin plays an antioxidant-defense role via distinct pathways during the 

different phases of early embryo development in vitro.  

On the other hand, CDK2 is necessary for cell cycle progression, and is a major kinase that 

governs AKT phosphorylation (Liu et al., 2014), and participates in EGA (Milazzotto et al., 2012). 

In our study, CDK2 mRNA expression was upregulated in 8-cell (MNEGA), 16-cell and blastocysts 

(MJEGA) cultured with nobiletin. This is in line with Milazzotto et al. (2012) study in bovine 

embryos, that showed changes in the levels of transcription in genes associated with cell cycle 

and observed an increase in CDK2 expression during early embryo development (8 and 16-cell 

embryos, and blastocysts). Conversely, studies using nobiletin in cancer cells (U87, Hs683) 

showed a decrease in CDK2 expression (Huang et al., 2016; Lien et al., 2016). Hence, nobiletin 

seems to respond differently depending on the cell type. 

Histone H3.3 is encoded by H3-3A and H3-3B genes and is related to DNA synthesis and 

integrated into embryonic nucleosomes to mark genes for subsequent expression in development 

(Jang et al., 2015). We observed that supplementation of 5 or 10 µM nobiletin during MNEGA, 

increased the expression of H3-3B and H3-3A genes in 8- cell embryos while supplementation of 

10 µM nobiletin during MJEGA increased the expression of H3-3B gene in 16-cell embryos. This is 

in corroboration with results from a recent study were characterization of the expression of both 

genes that encode H3.3 (H3-3A and H3-3B) was performed in early bovine embryos, 

demonstrating that H3-3B mRNA is very abundant throughout early embryogenesis, being two to 

three times higher than H3-3A mRNA during the major wave of EGA (Zhang et al., 2018a). 

Additionally, a higher abundance of H3-3B compared to H3-3A was found in mouse embryos (Wen 
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et al., 2014), suggesting that the protein encoded by H3-3B gene may be critical for initiating the 

transcription of embryonic genes during EGA.  As mentioned above, EGA is crucial for further 

embryo development and regulated by several important factors (Lee et al., 2013). One crucial 

factor is histone modification, including methylation and acetylation (Lindeman et al., 2011). 

Likewhise, Acetyl‐Co A is a central metabolite linking glucose oxidation and long‐chain fatty acid 

or cholesterol synthesis, providing energy and materials for cell growth and proliferation. 

Furthermore, Acetyl‐Co A, as a donor of an acetyl group, can be utilized by histone 

acetyltransferases for histone acetylation (Sivanand et al., 2018). A recent study showed that 

Acetyl‐CoA synthases are essential for maintaining histone acetylation under metabolic stress 

during EGA in pigs and they corroborated that β‐oxidation is crucial for porcine embryo 

development by contributing to energy metabolism and histone acetylation (Zhou et al., 2021). 

This suggests one more time that nobiletin could prefer the β-oxidation pathway as an energy 

production mechanism. 

Nobiletin increases AKT phosphorylation in blastocysts  

During in vitro development, embryos have a series of metabolic factors that are required 

in proliferation, differentiation, and survival of cells (Manning & Toker, 2017; Plotnikov et al., 

2011). In this context, the quality of the embryos produced in vitro depends on many factors, 

among them the expression of different genes, which depends on different signaling pathways 

that play important roles in the formation of the blastocyst; being one of them PI3K/AKT 

(Manning & Toker, 2017; Plotnikov et al., 2011; Zhang et al., 2007, Cecconi et al., 2012). AKT 

regulates cellular processes such as glucose metabolism, transcription, cellular growth and 

proliferation (Manning & Toker, 2017). In blastocysts, AKT inhibition arrest their development 

and AKT activation triggers the differentiation and migration of TE cells (Ashry et al., 2018; 

Marques & Thorsteinsdóttir, 2013). Other studies showed that  AKT appear to have an important 

role in early embryonic development, in double-knockout mice deletion of any of the AKT 

isoforms leads to morphological abnormalities or even exhibit a more severe phenotype related 

to early lethality (Dummler et al., 2006). Moreover, PI3K/AKT regulates the development of 

preimplantation embryo by mediating the effects of autocrine factors (O’Neill, 2008). Previous 

studies in cell lines have shown that nobiletin can act through various signaling pathways, 

including AKT (Huang et al., 2016). However, as far as we know, nobiletin action on AKT pathway 

in bovine blastocysts produced in vitro is unknown. In experiment 2 we established the presence 

of the AKT pathway in bovine blastocysts. Expression of the AKT protein and its phosphorylation 

status were confirmed by western blot analysis of bovine blastocysts produced with or without 

nobiletin supplementation during MNEGA or MJEGA phase. Similar results were found by Ashry et 

al. (2018), who investigated the relationship between AKT signaling and the embryotrophic 
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actions of follistatin, indicated that it plays an important role in the regulation of AKT signaling in 

early bovine embryos. Together, these results suggest that nobiletin is associated with increased 

AKT phosphorylation and, as it has been shown in cell lines studies, nobiletin has the ability to 

interact with this pathway, and regulate specific genes. Accordingly, our results showed increased 

AKT phosphorylation that might be related to the upregulation of genes that favor the 

progression of the cell cycle (CDK2) and embryo quality (PPARα). 

Nobiletin-induces partial abrogation of AKT inhibition deleterious effects on 

preimplantation bovine embryo development in vitro 

Taking into account that nobiletin increases phosphorylation of AKT, in experiment 3 we 

used two different inhibitors of AKT activity (Inhibitor III and inhibitor IV) to reduce the bovine 

embryo developmental capacity during EGA (MNEGA or MJEGA) and to investigate if nobiletin 

could interact through that signaling pathway. Our results corroborate that the kinetics of early 

embryo development as well as blastocysts yield from both phases of EGA treatments with AKT 

inhibitors were significantly reduced whereas supplementation of 10 µM nobiletin enhances 

them. However, the most interesting result was to see how this AKT inhibitory effect was reversed 

when nobiletin was combined. A similar effect was reported when follistatin was added to the 

culture medium in bovine embryos treated with AKT inhibitors, countering the inhibitor effect by 

improving the embryonic development and production rates (Ashry et al., 2018). Previously, it 

was reported that PI3K inhibition, upstream kinase of AKT, result in a significant decrease of total 

cleavage, 8-cells and blastocyst rates in bovine (Aparicio et al., 2010). Moreover, AKT is implicated 

in regulation of mitotic cell cycle transition from G2 to M phase through activation of MPF 

(Manning & Cantley, 2007); thus, if AKT is inhibited, the MPF complex remains inactive and cells 

are arrested in G1 or G2 stages of the cell cycle (Baran et al., 2013).  

To verify the nobiletin action in combination or not with AKT inhibitors during MNEGA or 

MJEGA on the quality of 8- and 16-cell stage embryos, respectively and its possible implication in 

pathways signaling, we analyzed the expression of the genes previously selected for oxidative 

stress (GPX1 and NFE2L2). Our results showed that the relative abundance of GPX1 and NFE2L2 

transcripts in 8- (MNEGA) and 16-cell (MJEGA) stage embryos was decreased for both AKT 

inhibitor groups, while it was increased for Nob group. Nevertheless, nobiletin supplementation 

to the AKT inhibitor groups partially recovered the expression. During in vitro production, GPX1 

overexpression is positively related to embryo quality (Cebrian‐Serrano et al., 2013; He et al., 

2017) and upregulation of NFE2L2 transcript preserve the embryo from an intracellular redox 

state (Ghanem et al., 2014; Harris & Hansen, 2012). Research in many type of cells have reported 

that PI3K/AKT and MAPK/ERK pathways are involved in the expression of NFE2L2 (Gao et al., 
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2013; Nguyen et al., 2013). In PC12 cells nobiletin enhanced the binding of NRF2 to the 

antioxidant response element for gene expression. This cytoprotective effect of nobiletin was 

mediated by modulation of PI3K/AKT signaling (Li et al., 2014; Su et al., 2012). In HCT8/T cells 

nobiletin interacts with the ERK/NRF2 signaling pathway and significantly reduces its 

phosphorylation (Feng et al., 2020).  

POU5F1 is exclusively expressed in ICM after blastocoel formation (Wu & Schöler, 2014) 

and is crucial for normal epiblast differentiation (Niwa et al., 2005), whilst CDX2 is essential for 

establishing the trophectoderm in bovine embryos (Goissis & Cibelli, 2014; Sakurai et al., 2016). 

Our results revealed downregulation of POU5F1 gene in 8- (MNEGA) and 16-cell (MJEGA) stage 

embryos as well as of CDX2 gene in 16-cell (MJEGA) stage embryos produced with AKT inhibitors, 

while an upregulation was revealed for nobiletin groups. However, nobiletin in presence of AKT 

inhibitors was able to recover partially the expression of these genes. It has been evidenced that 

POU5F1 transcript is present in the bovine embryo during the 8- to 16-cell stages, when major 

EGA occurs (Graf et al., 2014; Kuijk et al., 2012). Also, it has been shown that the transcription 

level of POU5F1 is higher in competent embryos and together with CDX2 are essential for early 

development and differentiation of ICM and TE in bovine embryos (Simmet et al., 2018). Ashry et 

al. (2020), demonstrated that CDX2 is a molecular determinant of blastocyst quality and 

conceptus elongation in bovine. Thus, embryos that express low POU5F1 and CDX2 levels may be 

considered of inferior quality (Moussa et al., 2019). Moreover, it has been reported that 

expression of CDX2 and POU5F1 can be regulated by AKT and ERK pathways (Mnatsakanyan et 

al., 2019; Xu et al., 2019).  

In corroboration with the above, we evidenced that the number of total, TE and ICM cells 

from blastocysts produced with nobiletin during MNEGA or MJEGA were significantly higher than 

them from AKT inhibitors. Although, nobiletin supplementation to AKT inhibitors groups rescue 

their negative effect by increasing the number of total, TE and ICM cells in blastocyst. It has been 

demonstrated that embryo quality could be defined by blastocyst total cell number and their 

differentiation to ICM and TE, while the ICM/TE ratio is an important index of embryo survival 

and pregnancy rate (Fleming et al., 2004). In addition, the TE cells have a fundamental role 

establishing a pregnancy around Day 14 in bovine, when intense trophoblastic proliferation 

begins together with increased trophoblastic secretion of the pregnancy recognition factor 

interferon-tau (Ealy & Yang, 2009; Sakurai et al., 2016). Therefore, these results together with the 

expression level of POU5F1 and CDX2 transcripts revealed the critical role of AKT at early stages 

of preimplantation embryo development and could open the possibility of establishing ERK as an 

important pathway of action for nobiletin in bovine embryo. 
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FOSL1 is another gene related to development of the trophoblast lineage and placentation 

(Lee et al., 2018). We found a downregulation of the expression of FOSL1 gene in 16-cell stage 

embryos (MJEGA) produced with AKT inhibitors, while it was upregulated in 16-cell stage 

embryos from nobiletin group. Nevertheless, as in all previously described transcripts, nobiletin 

supplementation in presence of AKT inhibitors showed a partially recovered expression. FOSL1 

acts as a downstream effector of the PI3K/AKT signaling pathway (Kent et al., 2011). It has been 

showed that loss of PI3K/AKT signaling results in decreased FOSL1 accumulation and disruption 

of PI3K/AKT with small-molecule inhibitors interferes with the differentiation of trophoblast 

gene expression profile (Kent et al., 2011). Besides, Renaud et al. (2014) confirmed that FOSL1 

increases during trophoblast cell differentiation in a PI3K/AKT-dependent manner. In addition, 

studies in PC12 cells reported that nobiletin upregulates the mRNA expression of c-FOS and 

improves the activation of extracellular signal linked to the activation of AKT/ERK/MEK/CREB 

signaling pathways (Huang et al., 2016; Kimura et al., 2014a). Hence, these results could suggest 

that both ERK and PI3K/AKT pathways probably are involved in nobiletin regulation effects on 

embryo development. 

In this sense, we analyzed the phosphorylation of the rpS6 protein, downstream of AKT, 

in in vitro produced bovine 8-cell (MNEGA) and 16-cell (MJEGA) stage embryos, and the p-rpS6 

level was dramatically decreased upon AKT inhibitors treatment. Even so, nobiletin treatment 

not only reverses the AKT inhibitors effect on phosphorylation level but also increases the p-rpS6 

on when was supplemented alone in MJEGA phase. These results suggest that nobiletin may be 

playing a role in returning the p-rpS6 to the levels required for rescuing the adverse effect of AKT 

inhibitors during EGA. One of the most important functions of rpS6 is that its phosphorylation is 

necessary for efficient global protein synthesis (Meyuhas, 2015). Previous reports have 

established that lack of rpS6 affects cell cycle progression: in mouse embryonic cells, where rpS6 

was inhibited, embryos became apoptotic on post-embryonic day 5.5 and led to perigastrulation 

lethality (Panić et al., 2006). Recently, in a study of porcine TE and uterine luminal epithelial cells, 

it has also been reported that an increase in the phosphorylation of AKT induces the activation of 

the rpS6 and the use of inhibitors of AKT activation abolished p-rpS6 (Jeong et al., 2017).  

Even so, if when AKT is inhibited and therefore with a decrease of the amount of p-rpS6, 

the presence of nobiletin increases this phosphorylation and that must come from another 

signaling pathway different from PI3K/AKT. In that sense, some studies have shown that rpS6 

can be activated by 1) PIP3/AKT/TSC/Rheb/TORC1 pathway that conveys signals to S6Ks, which 

phosphorylates rpS6, 2) the activation of S6Ks by direct phosphorylation of PDK1 in a reaction 

that does not need binding of PDK1 to PIP3 and, 3) the activation of the second family of rpS6 

kinases: Ras/Raf/MEK/ERK/RSK that inhibits the TSC1-TSC2 complex and, therefore, increases 
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signaling of TORC1 towards S6K (Magnuson et al., 2011; Meyuhas, 2015; Ruvinsky & Meyuhas, 

2006). These pathways share the same initial event, that is the binding of the ligand, but without 

the need for AKT participation. Hence, these pathways exert a parallel effect on both p-rpS6 and 

the activity of the respective kinase, this leads us to consider the possibility that for rpS6 

activation during embryonic development, nobiletin is not only interacting through PIP3/AKT 

pathway but also interacting with the previous mentioned pathways. Moreover, as has been 

shown in studies with cell line that nobiletin attenuated cancer cell metastasis by inhibiting 

adhesion, invasion and migration via modulation of both MAPK and PI3K/AKT pathways 

(Ashrafizadeh et al., 2020; Huang et al., 2016; Shi et al., 2013).  

Collectively, our results suggest that nobiletin promotes oocyte and embryo quality and 

stimulates bovine early embryonic development in vitro. Besides, nobiletin supplementation in 

presence of AKT inhibitors retrieve their adverse effects on developmental competence along 

with embryo quality by increasing the total, TE and ICM cells and modifying the relative 

abundance of keys genes linked to cell proliferation and differentiation. Moreover, nobiletin 

increases the p-rpS6 level whether or not AKT inhibitors were present, which infers that nobiletin 

probably uses another signaling system in addition to MAPK cascade during oocyte maturation 

and PI3K/AKT pathway during early embryo development in bovine. Still, future studies are 

necessary to establish the specific receptors and pathways that nobiletin modulates during in 

vitro embryonic development. 
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Conclusions 

 

1. Nobiletin can be used as a novel antioxidant to overcome ROS disorders in in vitro 

produced bovine embryos. 

2. During in vitro maturation nobiletin supplementation improves oocyte nuclear and 

cytoplasmic maturation, decreases intracellular ROS and GSH levels, modifies the 

expression of genes linked to metabolism, development, and oxidative stress, as well as 

enhances oocyte developmental competence and embryo development and quality. 

3. Nobiletin supplementation during in vitro culture (MNEGA or MJEGA phase) stimulates 

mitochondrial activity, as well as reduces the cytoplasmatic accumulation of lipids and 

promotes the expression of genes that regulate oxidative stress and lipid metabolism in 

key stages of bovine preimplantational embryo.  

4. Beneficial effects of nobiletin supplementation during EGA on embryo development and 

quality of the produced blastocysts in vitro could be modulated by the activation of AKT 

signaling pathway. 

5. Nobiletin supplementation in presence of AKT inhibitors during EGA retrieve their 

adverse effects on developmental competence along with embryo quality by increasing 

the total TE and ICM cells and modifying the relative abundance of keys genes linked to 

cell proliferation and differentiation. 

6. Increase of p-rpS6 level by nobiletin, irrespective of AKT inhibitors, suggests the use of 

another signaling system than PI3K/AKT pathway during early embryo development in 

bovine. 
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Conclusiones 

 

1. La nobiletina se puede utilizar como un nuevo antioxidante para paliar los trastornos de 

ROS en embriones bovinos producidos in vitro. 

2. Durante la maduración in vitro, la suplementación con nobiletina mejora la maduración 

nuclear y citoplasmática de los ovocitos, disminuye los niveles intracelulares de ROS y 

GSH, modifica la expresión de genes vinculados al metabolismo, desarrollo y estrés 

oxidativo, así como mejora el desarrollo de los ovocitos y el desarrollo y la calidad del 

embrión. 

3. La suplementación con nobiletina durante el cultivo in vitro (fase de MNEGA o de MJEGA) 

estimula la actividad mitocondrial de los blastocistos, reduce la acumulación 

citoplasmática de lípidos y promueve la expresión de genes relacionados con el estrés 

oxidativo y el metabolismo lipídico, en fases claves del desarrollo embrionario 

preimplantacional bovino. 

4. Los efectos beneficiosos de la adición de nobiletina durante la EGA sobre el desarrollo 

embrionario y la calidad de los blastocistos producidos in vitro podría ser modulados 

mediante la activación de la vía de señalización de AKT. 

5. La suplementación con nobiletina en presencia de inhibidores de AKT durante la EGA 

recupera los efectos adversos sobre la competencia del desarrollo junto con la calidad del 

embrión al incrementar el número de células totales, del TE y de la ICM y modificar la 

abundancia relativa de genes clave relacionados con la proliferación y diferenciación 

celular. 

6. El aumento del nivel de p-rpS6 provocado por la nobiletina, independientemente de los 

inhibidores de AKT, sugiere el uso de otra ruta de señalización distinta a la vía PI3K/AKT 

durante el desarrollo embrionario temprano en bovinos. 
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Abstract: Nobiletin is a polymethoxylated flavonoid isolated from citrus fruits with wide biological
effects, including inhibition of reactive oxygen species (ROS) production and cell cycle regulation,
important factors for oocyte in vitro maturation (IVM). Therefore, the objective of the present study
was to evaluate the antioxidant activity of nobiletin during IVM on matured bovine oocyte quality
(nuclear and cytoplasmic maturation; oocyte mitochondrial activity; intracellular ROS and glutathione
(GSH) levels) and their developmental competence, steroidogenesis of granulosa cells after maturation,
as well as quantitative changes of gene expression in matured oocytes, their cumulus cells, and
resulting blastocysts. Bovine cumulus-oocyte complexes were in vitro matured in TCM-199 +10%
fetal calf serum (FCS) and 10 ng/mL epidermal growth factor (EGF) (Control) supplemented with 10,
25, 50, or 100 µM of nobiletin (Nob10, Nob25, Nob50, and Nob100, respectively) or 0.1% dimethyl
sulfoxide (CDMSO: vehicle for nobiletin dilution). A significantly higher percentage of matured
oocytes in metaphase II was observed in Nob25 and Nob50 compared to other groups. Similarly,
cleavage rate and cumulative blastocyst yield on Days 7 and 8 were significantly higher for Nob25
and Nob50 groups. Oocytes matured with 25 and 50 µM nobiletin showed a higher rate of migration
of cortical granules and mitochondrial activity and a reduction in the ROS and GSH content in
comparison with all other groups. This was linked to a modulation in the expression of genes
related to metabolism (CYP51A1), communication (GJA1), apoptosis (BCL2), maturation (BMP15 and
MAPK1), and oxidative stress (SOD2 and CLIC1). In conclusion, nobiletin offers a novel alternative
for counteracting the effects of the increase in the production of ROS during IVM, improves oocyte
nuclear and cytoplasmic maturation, and subsequent embryo development and quality in cattle.

Keywords: nobiletin; oocyte quality; antioxidant; ROS; cattle; in vitro

1. Introduction

In vitro maturation (IVM) of bovine oocytes is one of the most important processes for the
development of other assisted reproductive techniques, such as in vitro production of embryos (IVP).
The accomplishment of this technique requires successful IVM that involves nuclear, cytoplasmic, and
molecular maturation, necessary for subsequent embryonic development [1]. Nevertheless, IVP of
cattle embryos still has limitations, considering that not all the oocytes have the ability to develop into
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a viable embryo after IVM [2], as the culture systems decrease the quality of these gametes [3]. One of
the causes is the increase in the production of reactive oxygen species (ROS) caused by the oxygen
tension at which IVM is performed [4]. Under normal conditions, the cell produces a ROS level that
acts beneficially for tissue regeneration, intracellular redox regulation, and embryogenesis, but an
excess of ROS can oxidize cellular molecules, such as lipids, carbohydrates, amino acids, and nucleic
acids, modifying their functions and compromising cellular viability by producing lipid peroxidation,
mitochondrial damage, and apoptosis [4]. The strategy to avoid the harmful effects caused by an
excess of ROS is the use of a wide variety of antioxidants during IVM, such as Vitamin C that protects
cells against ROS and acts as an inhibitor of lipid peroxidation [5], cysteamine, which increases
intracellular glutathione (GSH) content that protects cells from the deleterious effects of oxidative
stress [6] and catalase, which reduces the intracellular concentrations of ROS during IVM and the
percentage of apoptotic cells [3]. Moreover, exogenous antioxidants can also act as signaling molecules
in steroidogenesis and intracellular redox regulation during IVM [6–8]. In recent years, there have been
promising results with compounds of natural origin, such as resveratrol [8] or quercetin [6]. However,
it is not yet clear which antioxidant is the most efficient to support the development, production,
and quality of bovine embryos.

Nobiletin, a class of polymethoxylated flavone identified from the citrus peel (chemically known
as 5,6,7,8,3′,4′ hexamethoxyflavone), has drawn increasing attention since it is easily absorbed across
the cytoplasmic membranes due to its structure and lipophilic nature [9,10]. Nobiletin interacts with
several signaling pathways (ERK, PI3K/AKT, CREB) to promote survival in various cell lines [10,11].
Moreover, nobiletin has a broad range of biological effects, including cell cycle regulation [10], reduction
of apoptosis [11,12] and antioxidation [13], important also for the success of oocyte IVM.

Thus, in this study, we aimed to evaluate the antioxidant activity of nobiletin during IVM on
matured bovine oocyte quality and their developmental competence. The parameters evaluated were,
(i) nuclear (meiotic progression to metaphase II (M-II)) and cytoplasmic maturation (cortical granules
(CG) and mitochondrial distribution pattern), (ii) oocyte mitochondrial activity, and intracellular ROS
and GSH levels (iii), steroidogenesis of granulosa cells (iv), oocyte developmental competence to
blastocyst stage, and (v) quantitative changes of gene expression in matured oocytes, their cumulus
cells (CCs) and produced blastocysts.

2. Results

2.1. Nobiletin Enhances Oocyte In Vitro Maturation and Reduces Oxidative Stress

When evaluating the effect of nobiletin on nuclear maturation, we observed that a concentration
of 25 (87.0 ± 0.6%) and 50 µM (89.3 ± 0.4%) increased (p < 0.05) the percentage of oocytes reaching
M-II compared to all other groups (Nob10: 72.9 ± 0.4%; Nob100: 71.5 ± 0.8%; Control: 71.7 ± 0.8%;
and CDMSO: 70.5 ± 0.5%) (Table 1).

The migration of CG to the cortical region of the oocyte, as well as mitochondrial distribution
and their activity, were used as indicators to analyze cytoplasmic maturation. In the assessment of
the cortical granule distribution patterns oocytes matured in the presence of Nob25 (85.7 ± 0.3%)
and Nob50 (89.9 ± 2.2%) displayed a higher incidence of migrated CG than oocytes in the Control
(69.1 ± 1.1%), CDMSO (69.6 ± 0.9%), Nob10 (72.1 ± 1.0%) and Nob100 (71.2 ± 0.7%) groups (p < 0.05).
The presence of oocytes with a partially migrated pattern was lower (p < 0.05) in Nob25 and Nob50
than all other groups. Similarly, the non-migrated pattern distribution of CG was lower (p < 0.05) for
nobiletin groups compared to the Control group, while for CDMSO, Nob10 and Nob100 no differences
were observed (Table 1). Representative images of CG distribution in matured oocytes are presented in
Figure 1.
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Table 1. In vitro maturation of bovine oocytes in the presence of the nobiletin.

Parameters Evaluated Control CDMSO Nob10 Nob25 Nob50 Nob100

Nuclear maturation n 117 122 133 146 149 144

Matured (M-II) n (%) 84
(71.7 ± 0.8)b

86
(70.5 ± 0.5)b

97
(72.9 ± 0.4)b

127
(87.0 ± 0.6)a

133
(89.3 ± 0.4)a

103
(71.5 ± 0.8)b

Immature n
(%)

33
(28.2 ± 0.7)a

36
(29.5 ± 0.5)a

36
(27.1 ± 0.4)a

19
(12.9 ± 0.6)b

16
(10.7 ± 0.4)b

41
(28.4 ± 0.8)a

Cytoplasmic Maturation
Cortical Granules Distribution

n 58 66 72 70 78 70
Migrated n

(%)
40

(69.1 ± 1.1)b
46

(69.6 ± 0.9)b
52

(72.1 ± 1.0)b
60

(85.7 ± 0.3)a
70

(89.9 ± 2.2)a
50

(71.2 ± 0.7)b

Partially migrated n (%) 10
(17.2 ± 2.6)a

12
(18.2 ± 1.7)a

15
(20.9 ± 0.7)a

7
(9.9 ± 1.6)b

7
(8.8 ± 1.3)b

15
(21.5 ± 0.6)a

Non-migrated n
(%)

8
(13.7 ± 1.9)a

8
(12.2 ± 2.0)ac

5
(6.9 ± 0.2)bc

3
(4.4 ± 1.8)b

1
(1.2 ± 1.2)b

5
(7.3 ± 0.2)bc

Mitochondrial Distribution
n 59 56 61 76 71 74

Migrated n
(%)

42
(71.3 ± 1.5)b

39
(69.7 ± 1.0)b

45
(73.7 ± 1.0)b

66
(86.7 ± 0.6)a

63
(88.9 ± 1.2)a

53
(71.6 ± 0.5)b

Partially migrated n (%) 10
(17.0 ± 0.5)a

11
(19.6 ± 1.1)a

11
(17.9 ± 1.0)a

5
(6.7 ± 0.3)b

7
(9.8 ± 1.5) b

13
(17.5 ± 1.5)a

Non-migrated n
(%)

7
(11.7 ± 1.8)a

6
(10.8 ± 1.5)a

5
(8.3 ± 0.4)a

5
(6.6 ± 0.3)ab

1
(1.3 ± 1.3)b

8
(10.8 ± 1.7)a

n: number of oocytes assigned per group. Control: oocytes cultured in the presence of synthetic oviductal fluid
(SOF) and 5% fetal calf serum (FCS); CDMSO: oocytes cultured in the presence of SOF + 5% FCS supplemented with
0.01% DMSO; Nob10, Nob25, Nob50, Nob100 oocytes cultured in presence of SOF + 5% FCS supplemented with 10,
25, 50, and 100 µM nobiletin, respectively. Data are the mean ± SEM. Within lanes, values with different superscript
letters differ significantly (p < 0.05).
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only for Nob50 group (Table 1). Representative images of mitochondrial distribution in matured 
oocytes are presented in Figure 2. Quantification of mitochondrial activity in oocytes was measured 
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Figure 1. Representative fluorescent images of cortical granules (CG) distribution patterns in bovine
oocytes after in vitro maturation in the presence of nobiletin. Scale bar 50 µm.

Regarding the mitochondrial distribution patterns, we found higher migration (p < 0.05) in
oocytes matured with Nob25 (86.7 ± 0.6%) and Nob50 (88.9 ± 1.2%) compared to Control (71.3 ± 1.5%),
CDMSO (69.7 ± 1.0%); Nob10 (73.7 ± 1.0%) and Nob100 (71.6 ± 0.5%) groups. The partially migrated
mitochondrial pattern was lower (p < 0.05) in the oocytes matured with Nob25 and Nob50 compared
to all other groups, while the incidence of non-migrated mitochondria pattern was lower (p < 0.05)
only for Nob50 group (Table 1). Representative images of mitochondrial distribution in matured
oocytes are presented in Figure 2. Quantification of mitochondrial activity in oocytes was measured by
fluorescence intensity and a significant increase in intensity was observed in oocytes maturated with
Nob25 and Nob50 compared to all other groups (p < 0.05; Supplementary Figure S1).

When evaluating the effect of nobiletin on oxidative stress, through a relative of ROS and GSH
fluorescence intensity in maturated oocytes, we observed that the intensity in both parameters was
lower (p < 0.05) in Nob25 and Nob50 groups compared with oocytes matured with Nob10 and Nob100
and control groups (Figure 3).
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Figure 2. Representative fluorescent images of mitochondria migration pattern in bovine oocytes after
in vitro maturation in the presence of nobiletin. Control: oocytes cultured in the presence of synthetic
oviductal fluid (SOF) and 5% fetal calf serum (FCS); CDMSO: oocytes cultured in the presence of SOF +

5% FCS supplemented with 0.01% DMSO; Nob10, Nob25, Nob50, Nob100 oocytes cultured in presence
of SOF + 5% FCS supplemented with 10, 25, 50 and 100 µM nobiletin, respectively. Scale bar 50 µm.

Int. J. Mol. Sci. 2020, 21, 5340 4 of 18 

 

 
Figure 2. Representative fluorescent images of mitochondria migration pattern in bovine oocytes after 
in vitro maturation in the presence of nobiletin. Control: oocytes cultured in the presence of synthetic 
oviductal fluid (SOF) and 5% fetal calf serum (FCS); CDMSO: oocytes cultured in the presence of SOF 
+ 5% FCS supplemented with 0.01% DMSO; Nob10, Nob25, Nob50, Nob100 oocytes cultured in 
presence of SOF + 5% FCS supplemented with 10, 25, 50 and 100 μM nobiletin, respectively. Scale bar 
50 μm. 

 
Figure 3. Reactive oxygen species (ROS) and glutathione (GSH) fluorescence intensity in bovine oocytes 
after in vitro maturation in the presence of nobiletin (A) Representative fluorescent images of ROS and 
GSH fluorescence intensity in bovine oocytes after in vitro maturation in the presence of nobiletin. 
Control (n = 54); CDMSO (n = 48); Nob10 (n = 50); Nob25 (n = 47); Nob50 (n = 53); Nob100 (n = 49). (B) 

Figure 3. Reactive oxygen species (ROS) and glutathione (GSH) fluorescence intensity in bovine oocytes
after in vitro maturation in the presence of nobiletin (A) Representative fluorescent images of ROS
and GSH fluorescence intensity in bovine oocytes after in vitro maturation in the presence of nobiletin.
Control (n = 54); CDMSO (n = 48); Nob10 (n = 50); Nob25 (n = 47); Nob50 (n = 53); Nob100 (n = 49).
(B) Quantification of relative fluorescent intensity of ROS and GSH in bovine oocytes after in vitro
maturation in the presence of nobiletin. Data are the mean ± SEM. Values with different superscript
letters differ significantly (p < 0.05). Scale bar 50 µm.
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Based on these results and to verify the effects of nobiletin on in vitro maturation and oxidative
stress we analyzed gene expression in oocytes and their CCs. Only the experimental groups that
showed better qualitative parameters in the previous experiments (Nob25and Nob50) were used
in comparison with both control groups (Control and CDMSO). Supplementation of IVM medium
with nobiletin, irrespective of the concentration, induced the upregulation of MAPK1 and BMP15
(developmental-related transcripts) and downregulation of SOD2 and CYP51A1 (oxidative stress
transcripts) in oocytes after IVM when compared with control groups (p < 0.05). No significant
differences were observed for the remaining transcripts studied (BCL2, GAPDH, GDF9) (Figure 4A).
In CCs, nobiletin produced changes in the expression levels of genes related to quality and development
(Figure 4B). BMP15 (development) and GJA1 (cell junctions) transcripts were upregulated (p < 0.05),
while the expression of the oxidative stress (SOD2, CYP51A1) and apoptosis (BCL2) genes were
downregulated in nobiletin groups compared to controls (p < 0.05). No significant differences were
observed for the remaining transcripts studied (ABCB1, CDH1, CLIC1, FOS, GAPDH, GDF9, IGF2R,
and MAPK1).
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Figure 4. Relative mRNA transcript abundance (normalized against that of the endogenous control
H2A histone family member Z (H2AFZ) gene and actin beta (ACTB)). (A) Bovine oocytes after in vitro
maturation in the presence of nobiletin. (B) Bovine cumulus cells (CCs) after in vitro maturation in the
presence of nobiletin. ATP-binding cassette subfamily B member 1 (ABCB1), BCL2- apoptosis regulator
(BCL2), Bone morphogenetic protein 15 (BMP15), Cadherin 1 (CDH1), Chloride intracellular channel 1
(CLIC1), Cytochrome P450, family 51, subfamily A, polypeptide 1 (CYP51A1), Fos Proto-oncogene, AP-1
transcription factor subunit (FOS), Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), Growth
differentiation factor 9 (GDF9), Gap junction protein alpha 1 (GJA1), Insulin like growth factor 2 receptor
(IGF2R), Mitogen-activated protein kinase 1 (MAPK), Superoxide Dismutase 2, Mitochondrial (former
MnSOD) (SOD2). Data are the mean ± SEM. Different letters above columns indicate significant
differences in gene expression among the experimental groups (p < 0.05).

2.2. Nobiletin Increases Estradiol (E2) and Progesterone (P4) Production by Cumulus Cells

After IVM, a significant increase in E2 production by CCs was found in maturation medium
supplemented with Nob25 (368.6 ± 27.3 pg/mL) and Nob50 (421.0 ± 28.2 pg/mL) compared with the rest
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of the groups (Control: 233.2 ± 16.9 pg/mL; CDMSO: 212.4 ± 11.8 pg/mL; Nob10: 216.2 ± 20.0 pg/mL;
and Nob100: 250.2 ± 24.4 pg/mL (p < 0.05; Figure 5A). Likewise, a significant increase in P4

production by CCs in media after maturation was detected within Nob25 (19.7 ± 0.3 ng/mL) and Nob50
(20.2 ± 0.2 ng/mL) groups compared with the remaining groups (p < 0.05; Figure 5B).
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Figure 5. Steroidogenic production of cumulus cells (CCs) after in vitro maturation using different
concentrations of nobiletin. (A) Steroidogenic production of Estradiol (E2). (B) Steroidogenic production
of Progesterone (P4). Bars represent mean concentrations produced by CCs under each different
experimental condition. Data are the mean ± SEM. Values with different superscript letters differ
significantly (p < 0.05).

2.3. Nobiletin Increases Embryo Development and Quality

Embryonic development was assessed after IVM in the presence of nobiletin (Table 2). Cleavage
rate and cumulative blastocyst yield at Day 7 and 8 were higher (p < 0.05) for Nob25 and Nob50
compared to all other groups. Based on these results, and for blastocysts quality evaluation only
the Nob25 and Nob50 groups with both control groups (Control and CDMSO) were used for gene
expression analysis.

Table 2. Effect of nobiletin on in vitro maturation of bovine oocytes and subsequent
embryonic development.

Groups Total No. Presumptive
Zygotes in Culture

Cleavage Rate
Blastocyst Yield

Day 7 Day 8
n (%) n (%) n (%)

Control 359 267 (74.2 ± 0.4)b 76 (21.1 ± 0.4)b 92 (25.8 ± 0.5)b

CDMSO 378 278 (73.6 ± 0.5)b 78 (20.9 ± 0.4)b 98 (26.1 ± 0.7)b

Nob10 397 300 (75.6 ±0.3)b 75 (18.9 ± 0.4)b 90 (23.1 ± 0.7)b

Nob25 372 335 (89.9 ± 0.4)a 90 (24.4 ± 0.5)a 119 (32.2 ± 0.8)a

Nob50 336 307 (91.3 ± 0.3)a 86 (25.7 ± 0.6)a 117 (35.3 ± 0.8)a

Nob100 414 306 (74.0 ± 0.6)b 76 (18.9 ± 0.9)b 100 (24.5 ± 1.0)b

n: number of oocytes assigned per group. Control: blastocysts cultured in the presence of SOF and 5% FCS;
CDMSO: blastocysts cultured in the presence of SOF + 5% FCS supplemented with 0.01% DMSO; Nob10, Nob25,
Nob50, Nob100 oocytes cultured in presence of SOF + 5% FCS supplemented with 10, 25, 50 and 100 µM nobiletin,
respectively. Data are the mean ± SEM. Within columns, values with different superscript letters differ significantly
(p < 0.05).

The expression of MAPK1 was upregulated, while CLIC1 was downregulated in blastocysts
produced after oocyte maturation with nobiletin supplementation, irrespective of the concentration,
compared with blastocysts from control groups (p < 0.05). The expression of CYP51A1 was upregulated
in blastocysts from the Nob50 group compared to blastocysts from control groups (p < 0.05).
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No significant differences were observed for the remaining transcripts studied (ABCB1, BCL2, BMP7,
GAPDH, GDF9, IGF2R, and SOD2) (Figure 6).
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Figure 6. Relative mRNA transcript abundance (normalized against that of the endogenous control
H2A histone family member Z (H2AFZ) gene and actin beta (ACTB)) of blastocysts D7 developed from
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indicate significant differences in gene expression among the experimental groups (p < 0.05).

3. Discussion

Nobiletin, a class of polymethoxylated flavone, has a broad range of biological effects including
cell cycle regulation, reduction of apoptosis and antioxidation. To our knowledge, the present study is
the first to investigate the effects of nobiletin supplementation in IVM on bovine oocyte quality and
their developmental competence. We found that nobiletin while increases steroidogenesis of CCs,
it also improves oocyte nuclear and cytoplasmic maturation (mitochondrial activity and CG migration)
and decreases oocyte intracellular ROS and GSH levels, reflected to differentially expressed genes
related to maturation, metabolism, cell communication, apoptosis and oxidative stress. Furthermore,
nobiletin in IVM improves oocyte developmental competence and the quality of produced blastocyst
in terms of the expression of genes linked to metabolism, development and oxidative stress.

Cumulus cells play an important role during oocyte growth and maturation, among them supply
nutrients [14] and to mediate the effects of hormones during oocyte maturation [15]. Mingoti et al. [16]
demonstrated that CCs of bovine COCs can secrete E2 and P4 in maturation media, and Endo et al. [17]
and Sakaguchi et al. [18], demonstrated that exogenous and endogenous E2 by granulosa cells directly
supports the in vitro development of bovine COCs. In the present study, supplementation with 25 and
50 µM nobiletin in maturation medium increase in E2 and P4 production by CCs. This is in line with
a study by Horigame et al. [19] that demonstrated that nobiletin enhanced testosterone production
in cultures of Leydig cells via cAMP/CREB signaling. Therefore, our results indicated that nobiletin
might act directly or synergistically with other hormones during oocyte maturation to alter the CCs
steroidogenesis in vitro and that the increase of P4 and E2 production, without any steroid hormone
supplementation, plays a positive role in oocyte nuclear and cytoplasmic maturation.

Nuclear maturation was improved by nobiletin supplementation to the IVM medium. This is
in line with other studies using different antioxidants, such as resveratrol, astaxanthin or melatonin
supplementation in bovine oocyte maturation in vitro [8,20]. However other studies in farm animals
using a broad spectrum of antioxidants did not show an effect on the nuclear maturation rate, such
as in pigs [5] and cattle [6]. These results suggest that different effects of antioxidants on nuclear
maturation could be related to their capacity to activate the mitogen-activated protein kinase 1 (MAPK)
pathway since in mammals, MAPK is responsible for meiotic progression [21], and in bovine oocytes,
the two main isoforms (ERK1/2) of MAPK are activated near the time of germinal vesicle breakdown
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(GVBD) [22]. One of the biological effects of nobiletin is the activation of MAPK activity shown in
different cell types [10]. Hence, a more plausible explanation for an increase in M-II following nobiletin
supplementation could be through P4 and stimulation of MAPK1/ERK2, which plays a fundamental
role in the regulation of microtubule organization, spindle assembly, chromosome distribution and
meiosis resumption [23]. A similar function was demonstrated for resveratrol with improved meiosis
resumption by enhancing the expression of Mos/MEK1/p42 MAPK cascade genes [8]. Based on
the above, it could be hypothesized that nobiletin regulates the secretion of androgens in the CCs,
and improved meiosis resumption by activation of MAPK; however, more experiments are necessary
to corroborate this hypothesis.

Next, we observed that supplementation of nobiletin during in vitro maturation improved
also cytoplasmic maturation. The migration of CG to the cortical region of the oocyte, as well
as mitochondrial distribution and their activity, are suitable indicators to analyze cytoplasmic
maturation [24,25]. Hosoe and Shioya [26] and Hoodbhoy et al. [27] demonstrated that proteins
released by the CG are also necessary for preimplantation embryo development. We demonstrated that
the addition of 25 or 50 µM nobiletin to IVM medium significantly increased peripheral distribution
of CG, suggesting that nobiletin at these concentrations could act promoting a better organization of
microfilaments and therefore, improving CG migration. A similar effect of CG migration was described
with sodium nitroprusside for bovine oocytes in vitro maturation [28].

Mitochondria play an important role since they are a key component of the metabolic machinery
responsible for the supply of energy that is consumed during the maturation process [29] and
are also the main generator of free radicals in mammals [30]. The movement of mitochondria to
areas of high energy consumption is crucial for the oocyte and the embryo during critical periods
of the cell cycle. For this reason, the mitochondrial cytoplasmic distribution pattern has been
associated with the quality and developmental capacity of mammalian oocytes and embryos [31,32].
We demonstrated that the addition of 25 or 50 µM nobiletin to IVM medium significantly increased
mitochondrial migration, giving rise to granular aggregations throughout the cytoplasm in the oocyte
after IVM. This pattern of distribution is similar to that described for bovine oocytes in other studies,
which demonstrated that mitochondrial reorganization is necessary for cytoplasmic maturation,
rearrangement of the cytoskeleton and developmental capacity after IVF [31,33,34]. Another important
function of mitochondria is to synthesize adenosine triphosphate (ATP) through β-oxidation and
this process involves the electron transport chain [4]. However, electrons may be lost during this
process and could be bond to O2, resulting in the production of ROS that decreases the developmental
competence of the oocyte [35]. Thus, our results of increased oocyte mitochondrial activity could be
related to the cytoprotective effects of nobiletin and its intrinsic ROS-scavenging property.

Under normal conditions, cells maintain their ROS levels in equilibrium [6], while during IVM,
the cells may suffer disturbances in redox equilibrium having deleterious effects on development [3,36].
However, studies demonstrated that the addition of antioxidants into the culture medium reduces
the harmful effects of ROS during IVM and offers a way of protecting the oocyte and subsequent
embryo [5,6]. In the oocyte, the main ROS scavenger system is GSH that uses a reducing power
provided by oxidative metabolism [3]. Our results show that 25 or 50 µM nobiletin supplementation
in IVM medium reduced the intracellular ROS levels, which is in agreement with the use of other
flavonoids such as resveratrol [8], quercetin and taxifolin [37] and other class of antioxidants like
vitamin C [6]. Regarding nobiletin, studies in cell cultures demonstrated its ability to significantly
decrease ROS generation [13] but to date, there are no studies available on its effects in oocytes and
embryos. Nobiletin has a beneficial effect on cell protection [10], and like other antioxidants, this effect
could be produced due to its hydrophobic nature, which allows it to incorporate into the membrane [37],
inhibiting ROS attack and decreasing lipid peroxidation. Therefore, the positive effect observed in
the present study could be attributed to this property; nonetheless, further studies are necessary to
understand the mechanism of its antioxidant effects in oocytes.
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In cytoplasmic maturation, GSH is considered a biochemical marker for oocyte quality, and plays
an important role in maintaining redox homeostasis, hence protecting the embryo from oxidative
damage before genomic activation [7]. Our results showed decreased levels of GSH in 25 or 50 µM
nobiletin supplemented groups, opposed to other studies reporting either a reduction in ROS levels
associated with an increase in GSH levels [6,8] or no increase in GSH levels in bovine oocytes [3].
A reasonable explanation for this could be due to the highest mitochondrial activity found in the
oocytes from Nob25 and Nob50 groups. It is widely known that increased mitochondrial activity leads
to an increase in the exchange of electrons in the inner mitochondrial membrane, which is considered
one of the main sources of ROS production [38]. Despite a high mitochondrial activity, the intracellular
ROS levels in the mature oocytes from the Nob25 and Nob50 groups were lower than those observed
in the oocytes from the control groups, suggesting that GSH was consumed to avoid the harmful
effects of the high levels of ROS. This explanation has been proposed before by Rocha-Frigoni et al. [3]
for cysteine and cysteamine antioxidant activity during bovine oocyte IVM and by Qu et al. [39] for
nobiletin reduction of ROS levels in response to cadmium-induced neuronal injury in rats.

Improvements in oocyte quality by 25 and 50 µM nobiletin supplementation during in vitro
maturation were reflected by increased blastocyst development rates on Day 7 and 8. These results are
in line with other studies which evaluated other flavonoids like resveratrol [8], or antioxidants such as
cysteamine [6], vitamin C [40], lycopene [41], and carnitine [42] in the IVM medium. Furthermore,
flavonoids or antioxidants in the IVM showed an interaction with the expression of certain qualitatively
related genes to the development of mature oocytes and/or the production of blastocysts.

To test if the effects of nobiletin during IVM were related to gene expression changes, we analyzed
the expression of candidate genes for oxidative stress, embryo development, and quality. Superoxide
dismutase 2 (SOD2), an indicator of oxidative stress [42] was downregulated in oocytes and CCs
obtained from Nob25 and Nob50 groups compared with controls, whereas in blastocysts it was not
altered. This is in accordance with the findings of Gülcin [43], who showed that superoxide plays an
important role in the neutralization of ROS, so a reduction in ROS formation requires less SOD2 to
neutralize free radicals. On the other hand, Chloride intracellular channel 1 (CLIC1) is considered as
a sensor of cell oxidation [44,45] and is involved in ROS production [45]. Our results showed that
CLIC1 was downregulated in blastocysts obtained from Nob25 and Nob50 groups compared with
the controls, both also with increased embryo yield, which agree with earlier studies showing that
CLIC1 expression accompanied by low accumulation of ROS improves embryo development [46].
These findings together with the low intracellular ROS and GSH levels in the oocytes matured with
nobiletin supplementation indicate an improvement of their antioxidant activity and consequently an
enhanced quality of the produced blastocysts.

Cytochrome P450 family 51 subfamily A polypeptide 1 (CYP51A1), Bone morphogenic protein 15
(BMP15), Mitogen-activated protein kinase 1 (MAPK1), Gap junction alpha-1 protein (GJA1) and BCL2-
apoptosis regulator (BCL2), are genes considered quality biomarkers of in vitro matured oocytes [47,48].
CYP51A1 participates in the regulation of cholesterol biosynthesis [49] and it has been demonstrated
that biosynthesis of cholesterol is one example of metabolic cooperation between granulosa cells
and oocytes [50]. Furthermore, the upregulation of the enzyme coded by CYP51A1 is a result of
negative feedback reflecting lowered cholesterol availability, which is implicated in the lower quality of
oocytes [49]. Therefore, downregulation of CYP51A1 mRNA expression observed in oocytes and their
CCs matured with nobiletin supplementation could be an indicator of good quality. In contrast, 50 µM
nobiletin supplementation in IVM upregulated the expression of CYP51A1 in blastocysts. This is in
line with the results of nobiletin supplementation in liver cell culture (HepG2), showing upregulation
of CYP1 (Cytochrome P450s family) and improved cholesterol synthesis due to full methoxylation in
the A-ring of nobiletin chemical structure [10,51]. Hence, nobiletin could act differently depending on
the cell type, probably due to the bioactivity or its chemical structure, which causes that CYP51A1
might be down or upregulated to control cholesterol availability, however, more in deep studies are
necessary to corroborate this information.
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In mammals, BMP15 is known to be involved in oocyte maturation and cholesterol biosynthesis,
being specifically expressed in oocytes and acting on CCs, improving oocyte competence, and early
embryo development in cattle [52,53]. Several studies reported an increase in BMP15 transcript during
maturation in buffalo [54] and dog [55] oocytes, which are consistent with our findings of an increase
in BMP15 expression in oocytes and their CCs matured with nobiletin supplementation in IVM, related
with their improved developmental competence.

The MAPK family plays an important role in bovine oocyte maturation by inducing GVBD [56].
Likewise, MAPK1 mRNA plays a key role in oocyte maturation by acting on granulosa and CCs in
various species including cattle [22] and dogs [55]. Our results demonstrated that MAPK1 mRNA
expression in oocytes and embryos was upregulated, suggesting that nobiletin could act on cell cycle
regulation as reported by Yoshimizu et al. [57] and Morley et al. [58] in other types of cells. On the
other hand, GJA1, also known as connexin 43 (Cx43), is a component of gap junctions expressed in CCs
and a major mediator of cell-to-cell communication via gap junctions, and a proliferation regulator [59].
Recently, it was shown that CCs of bovine oocytes with higher developmental competence express
higher GJA1 [60]. These findings are in agreement with our results demonstrating higher GJA1
expression in the CCs from oocytes matured with nobiletin. Taken together, these results suggest that
nobiletin modifies the expression of key genes for oocyte cytoplasmic development and maturation,
improving their developmental competence and increasing embryo yield.

Moreover, we observed that during IVM, nobiletin decreased the expression of BCL2 in CCs.
The downregulation of BCL2 expression is associated with a protective effect and has been reported
to have a critical role in CCs by acting as a regulator of apoptosis [61]. Studies in cattle showed that
lycopene (antioxidant) supplementation during in vitro maturation, increases expression of BCL2
exerting a pro-apoptotic effect [41]. Studies that used nobiletin on human cancer cell lines (gastric,
hepatic, and breast) shown that nobiletin induced apoptotic cell death by reducing the expression of
BCL2 [10,12,58]. However, the molecular mechanisms whereby nobiletin induces apoptosis among
different carcinogenic cells remain poorly understood. Therefore, it is to be assumed that nobiletin has
different actions for healthy and unhealthy cells.

In conclusion, a concentration 25 or 50 µM nobiletin offers a novel alternative for counteracting the
effects of the increase in the production of ROS during IVM and subsequent embryo development in
cattle. In matured oocytes and their cumulus cells, nobiletin modifies the expression of genes involved
in maturation (BMP15 and MAPK1), metabolism (CYP51A1), communication (GJA1), apoptosis (BCL2)
and oxidative stress (SOD2 and CLIC1), which was reflected in the increased nuclear and cytoplasmic
maturation (mitochondrial activity and CG migration) and CCs steroidogenesis, decreased intracellular
ROS and GSH levels, as well as enhanced embryo development and quality. These benefits of nobiletin
can be attributed to its bioactivity, chemical structure, and antioxidant properties, and might be a tool
to overcome ROS disorders in bovine IVP embryos and to improve ART in mammals.

4. Materials and Methods

Unless stated otherwise, all chemicals were purchased from Sigma-Aldrich Corporation
(St Louis, MO, USA).

4.1. Oocyte Collection and In Vitro Maturation

Immature cumulus-oocyte complexes (COCs) were obtained by aspirating follicles (2–8 mm
diameter) from the ovaries of mature heifers (i.e., at least one corpus luteum or remained scars from
previous ovulations in one or both ovaries) collected at local slaughterhouses. A total of 3758 class 1
and 2 COCs (homogeneous cytoplasm and intact CCs) were matured in groups of 50 COCs per well
for 24 h, at 38.5 ◦C under an atmosphere of 5% CO2 in air, with maximum humidity [2] in 500 µL of
maturation medium, TCM-199 with 10% (v/v) fetal calf serum (FCS) and 10 ng/mL epidermal growth
factor (Control, n = 595); supplemented either with 10, 25, 50, and 100 µM nobiletin (MedChemExpress,
MCE, Sollentuna, Sweden); (Nob10, n = 645; Nob25, n = 630; Nob50, n = 603; and Nob100, n = 672,
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respectively) or dimethyl sulfoxide (DMSO control (CDMSO), 0.01% DMSO vehicle for nobiletin
dilution, n = 613). The concentration of nobiletin was based on the findings of other studies in which
this polymethoxylated flavonoid was used in vivo in zebrafish and chick embryos and in vitro in
human umbilical vein endothelial cells, showing an anti-angiogenic activity at concentrations between
30 and 100 µM [10,39,62].

After 24 h of IVM, a representative number of matured COCs under different conditions were
employed to evaluate: nuclear maturation, cortical granules migration (CG), mitochondria (Mt)
distribution patterns and mitochondrial activity, levels of ROS and GSH and mRNA abundance of
selected genes (oocytes and their CCs). The remaining oocytes were processed for in vitro fertilization
and culture to assess their developmental competence. To analyze the mRNA abundance of selected
genes, four pools of 10 matured COCs were collected from each treatment, and CCs were physically
separated from oocytes by gentle pipetting in phosphate-buffered saline (PBS). Oocytes, in pools of
10 per treatment group, were washed in PBS, snap-frozen in liquid N2 (LN2), and stored at −80 ◦C
until mRNA extraction. Their corresponding CCs were also washed in PBS, centrifuged at 10,000 g,
and then snap-frozen in LN2 and stored at −80 ◦C until mRNA extraction.

To measure the steroidogenic production of COCs after IVM, media from all groups were collected
and stored at −20 ◦C until analysis.

4.2. Cortical Granules (CG) Distribution Patterns

Visualization of CG distribution was performed according to Arias-Álvarez et al. [63], with minor
modifications. Briefly, in vitro matured COCs from each treatment were first suspended in 100 µL of
PBS without calcium or magnesium supplemented with 0.1% polyvinylpyrrolidone (PVP) and their
CCs were removed by gentle pipetting. Next, oocytes were treated with 0.5% (w/v) pronase to digest
the zona pellucida. Zona-free oocytes were washed in PBS + 0.1% PVP three times and fixed in 4%
(w/v) buffered neutral paraformaldehyde (PF) solution (pH 7.2–7.4) for 30 min at room temperature
and then treated with permeabilization solution (0.02% v/v Triton X-100 in PBS + 1% Bovine Serum
Albumin (BSA) for 10 min). The oocytes were then treated for 30 min with blocking solution (7.5% w/v
BSA in PBS) and incubated in 100 µg/mL FITC-labeled Lens culinaris (LCA-FITC, Vector Laboratories,
Burlingame, CA, USA) for 30 min at room temperature in a dark chamber. Following, oocytes were
treated for 30 min with Hoechst 33342 (10 µg/mL) to evaluate nuclear maturation. After staining,
oocytes were washed in PBS + 0.1% PVP, mounted in 3.8 µL of mounting medium (50% v/v PBS, 50% v/v
glycerol, 0.5 µg/mL Hoechst) between a coverslip and a glass slide and sealed with nail polish. Slides
were examined using a laser-scanning confocal microscope (Leica TCS SP2; Leica Microsystems GmbH,
Wetzlar, Germany) equipped with an argon laser excited at 488 nm and whose detection spectrum is
515 nm.

As a measure of cytoplasmic maturation, CG distribution was analyzed (Control: n = 58; CDMSO:
n = 66; Nob10: n = 72; Nob25: n = 70; Nob50: n = 78; Nob100: n = 70) and classified as: non-migrated
(CGs distributed throughout the cytoplasm); partially migrated (CGs dispersed and partly clustered
throughout the cortical area); and migrated (small CG arranged at the periphery or adjacent to the
plasma membrane) [26,29]. Simultaneously, oocytes were evaluated for nuclear maturation.

4.3. Mitochondrial Distribution Patterns and Quantification of Mitochondrial Activity

Briefly, in vitro matured COCs from each treatment were first suspended in 100 µL PBS + 0.1%
PVP and their CCs were removed by gentle pipetting. Next, oocytes were equilibrated for 15 min
in maturation medium and then placed in four-well culture plates containing 500 µL of 400 nM
MitoTracker DeepRed (Molecular Probes Inc., Eugene, OR, USA) per well. The plates were incubated
at 38.5 ◦C, 5% CO2 in the dark, and humidified atmosphere for 30 min. The stained oocytes were
washed twice in PBS + 0.1% PVP and fixed in 4% PF for 30 min at room temperature. Following,
oocytes were treated for 30 min with Hoechst 33342 (10 µg/mL) for evaluating nuclear maturation.
After that, oocytes were washed in PBS + 0.1% PVP, mounted in 3.8 µL of mounting medium between
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a coverslip and a glass slide and sealed with nail polish. Slides were examined using a laser-scanning
confocal microscope (Leica TCS SP2) equipped with an argon laser excited at 644 nm with a detection
spectrum of 625–665 nm. The format, laser, gain, and offset were kept constant for every sample. Serial
sections of 5 µm were made for each oocyte and a maximum projection was accomplished for each.

Mitochondrial patterns and mitochondrial activity were analyzed in matured oocytes from Control:
n = 59; CDMSO: n = 56; Nob10: n = 61; Nob25: n = 76; Nob50: n = 71; Nob100: n = 74. The distribution
was classified as: non-migrated (when mitochondria were homogeneously distributed throughout
the cytoplasm); partially migrated (mitochondria were heterogeneously distributed throughout the
cytoplasm) and migrated (mitochondria were distributed with granular aggregations) [1,29,33,38].
For the assessment of mitochondrial activity, the fluorescence signal intensity (pixels) was quantified.
Images obtained were evaluated using the ImageJ program (NIH, ImageJ version 1.52k software
(http://rsbweb.nih.gov/ij/), using the freehand selection tool. Fluorescence intensity in each oocyte was
determined using the following formula: Relative fluorescence = integrated density (IntDen) − (area
of selected oocyte x mean fluorescence of background readings). Fluorescence intensities are expressed
in arbitrary units (a.u.) [3,46]. Simultaneously, these oocytes were evaluated for nuclear maturation.

4.4. Assessment of Oocyte Nuclear Maturation

Matured oocytes from all treatments stained for CG distribution and mitochondrial distribution
and activity were also stained with Hoechst 33342 solution (10 µg/mL of PBS) for nuclear chromosomal
and polar body evaluation (Control: n = 117; CDMSO: n = 122; Nob10: n = 133; Nob25: n = 146; Nob50:
n = 149; Nob100: n = 144). Oocytes were classified as follows: immature oocytes comprising the stages
of germinal vesicle (GV, nucleus well defined), germinal vesicle breakdown (GVBD, chromosome
condensation), metaphase I (MI, first metaphasic plate visible); and matured oocytes comprising the
stage of metaphase-II (M-II, represented by the presence of the first polar body and/or the second
metaphasic plate). Nuclear maturation was assessed under an epifluorescence microscope (Nikon
141731, Tokyo, Japan) equipped with a fluorescent lamp (Nikon HB-10104AF) and UV-1 filter. Oocytes
in M-II were considered as matured.

4.5. Levels of Reactive Oxygen Species (ROS) and Glutathione (GSH)

For evaluation of ROS and GSH, in vitro matured COCs from each treatment (Control: n = 54;
CDMSO: n = 48; Nob10: n = 50; Nob25: n = 47; Nob50: n = 53; Nob100: n = 49), were first suspended in
100µL PBS + 0.1% PVP and their CCs were removed by gentle pipetting, then were incubated in four-well
plates containing 500 µL of 10 µM of CellROX Deep Red Reagent (Invitrogen, Eugene, OR, USA) for
ROS and 20 µM of CellTracker Fluorescent (Molecular Probes, Eugene, OR, USA) for GSH per well,
at 38.5 ◦C, 5% CO2 in a dark and humidified atmosphere for 30 min. After staining, oocytes were
washed twice with PBS+ 0.1% PVP, mounted in 3.8 µL of mounting medium between a coverslip
and a glass slide, sealed with nail polish, and were imaged immediately using an epifluorescence
microscope (Nikon 141731). Fluorescence emitted from the oocytes was captured using B-2E/C (ROS)
and UV-2A (GSH) filters for ten seconds after exposure to UV light. The digital images were processed
and analyzed using ImageJ. The relative ROS and GSH fluorescence intensity in each oocyte were
assessed as described for the mitochondrial activity (Section 4.3.).

4.6. Steroidogenic Production of Estradiol and Progesterone by CCs

Progesterone (P4) concentration was measured in spent maturation media by solid-phase
radioimmunoassay method (RIA) using the methods as described by Santiago-Moreno et al. [64].
Aliquots of 100 µl were used in duplicate, then each of the samples was measured in the
liquid Scintillation Counter (Tri-Carb®2100TR) including the measurement of the standard curve.
The intra-assay coefficient of variation was 11% and assay sensitivity was 0.4 ng/mL. Estradiol
(E2) concentrations in spent maturation media were measured by a solid phase enzyme-linked
immunosorbent assay (ELISA), based on the principle of competitive binding specific kit (DEH3355

http://rsbweb.nih.gov/ij/
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DEMEDITEC Diagnostics GmbH, Kiel, Germany) according to the manufacturer´s instructions.
Intra-assay coefficients of variation were 6%. Results are expressed as average E2 (pg/mL) and
P4 (ng/mL) concentrations produced by 50 COCs after the IVM period using 3 replicates.

4.7. Sperm Preparation and In Vitro Fertilization (IVF)

IVF was performed as described previously [65]. Briefly frozen semen straws (0.25 mL) from an
Asturian Valley bull previously tested for IVF were thawed at 37 ◦C in a water bath for 1 min and
centrifuged for 10 min at 280 g through a gradient of 1 mL of 40% and 1 mL of 80% Bovipure (Nidacon
Laboratories AB, Göthenborg, Sweden), according to the manufacturer´s instructions. The sperm pellet
was isolated and washed in 3 mL of Boviwash (Nidacon Laboratories AB, Göthenborg, Sweden) by
centrifugation at 280 g for 5 min. The pellet was re-suspended in the remaining 300 µL of Boviwash.
The final concentration of spermatozoa was adjusted to 1 × 106 spermatozoa/mL. Gametes were
co-incubated for 18–22 h in 500 µL fertilization media (Tyrode’s medium) with 25 mM bicarbonate,
22 mM sodium lactate, 1 mM sodium pyruvate, and 6 mg/mL fatty acid-free bovine serum albumin
(BSA) supplemented with 10 mg/mL heparin sodium salt (Calbiochem) in four-well cell culture plates
in groups of 50 COCs per well under an atmosphere of 5% CO2 in the air, with maximum humidity at
38.5 ◦C.

4.8. In Vitro Culture of Presumptive Zygotes

At 18–22 h post-insemination (hpi), presumptive zygotes from each experimental group (Control:
n = 359; CDMSO: n = 378; Nob10: n = 397; Nob25: n = 372; Nob50: n = 336; Nob100: n = 414)
were denuded of CCs by vortexing for 3 min and then cultured in groups of 25 in 25 µL droplets of
culture medium (synthetic oviductal fluid (SOF) [66]); with 4.2 mM sodium lactate, 0.73 mM sodium
pyruvate, 30 µL/mL BME amino acids, 10 µL/mL minimum essential medium (MEM) amino acids and
1 µg/mL phenol red supplemented with 5% FCS under mineral oil at 38.5 ◦C under an atmosphere of
5% CO2, 5% O2 and 90% N2 with maximum humidity. Cleavage rate was recorded at day 2 (48 hpi)
and cumulative blastocyst yield was determined on Days 7 and 8 pi. Pools of ten Day 7 expanding
blastocysts from each treatment group were washed in PBS, snap-frozen in LN2, and stored at −80 ◦C
until mRNA extraction.

4.9. Gene Expression Analysis

Gene expression analysis was performed using four pools of 10 oocytes, and their corresponding
CCs and four pools of 10 Day 7 expanded blastocysts per treatment group. All samples were washed
in PBS, snap-frozen in LN2, and stored at −80 ◦C until mRNA extraction analyses.

Poly(A) RNA was extracted using the Dynabeads mRNA Direct Extraction Kit (Ambion; Thermo
Fisher Scientific Inc., Oslo, Norway) with minor modifications [67]. Immediately after poly(A) RNA
extraction, reverse transcription (RT) was performed using an Moloney murine leukemia virus (MMLV)
Reverse Transcriptase 1st-Strand cDNA Synthesis Kit according to the manufacturer’s instructions
(Epicentre Technologies Corp., Madison, WI, USA). Tubes were heated to 70 ◦C for 5 min to denature
the secondary RNA structure, allowing Poly(T) random primers and Oligo dT annealing, and the
RT mix was then completed by adding 0.375 mM dNTPs (Biotools, Madrid, Spain), 6.25 U RNAsin
RNAse inhibitor (Promega, Madison, WI, USA), MMLV HP RT 10x reaction buffer, 5 mM DTT and
5 U MMLV high-performance reverse transcriptase. Samples were incubated at 25 ◦C for 10 min,
and then at 37 ◦C for 60 min, to allow the RT of RNA, and finally at 85 ◦C for 5 min to denature
the enzyme. All mRNA transcripts were quantified in duplicate using a Rotorgene 6000 Real-Time
Cycler (Corbett Research, Sydney, Australia). RT–quantitative polymerase chain reaction (qPCR) was
performed by adding a 2 µL aliquot of each cDNA sample (~60 ng µL−1) to the PCR mix (GoTaq
qPCR Master Mix, Promega, Madrid, Spain) containing specific primers to amplify the genes of
interest. Primer sequences are provided in Supplementary Table S1. The selection of genes to be
evaluated in oocytes, CCs and blastocysts was carried out considering that they are representative of
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key processes, i.e., communication (GJA1), oxidative stress (SOD2, GAPDH), metabolism (CYP51A1),
quality (BCL2, GDF9, IGF2R) and development (BMP15, CLIC1, ABCB1, BMP7, MAPK1, CDH1) as
previously described by [40,46]. All primers were designed using Primer-BLAST software (http://www.
ncbi.nlm.nih.gov/tools/primer-blast/) to span exon-exon boundaries when possible. For quantification,
RT-qPCR was performed as described previously [68]. The PCR conditions were tested to achieve
efficiencies close to 1. Relative expression levels were quantified by the comparative cycle threshold
(CT) method [69]. Values were normalized using two housekeeping (HK) genes: H2AFZ and ACTB.
Fluorescence was acquired in each cycle to determine the threshold cycle or the cycle during the
log-linear phase of the reaction at which fluorescence increased above background for each sample.
Within this region of the amplification curve, a difference of one cycle is equivalent to a doubling of the
amplified PCR product. According to the comparative CT method, the ∆CT value was determined
by subtracting the mean CT value of the two housekeeping genes from the CT value of the gene of
interest in the same sample. The calculation of ∆∆CT involved using the highest treatment ∆CT value
(i.e., the treatment with the lowest target expression) as an arbitrary constant to subtract from all other
∆CT sample values. Fold-changes in the relative gene expression of the target were determined using
the formula 2−∆∆CT.

4.10. Statistical Analysis

All statistical tests were performed using the software package SigmaStat (Systat Software Inc.,
San Jose, CA, USA). Nuclear maturation, CG and mitochondrial distribution patterns, mitochondrial
activity, ROS, and GSH measurements, steroidogenic production of estradiol and progesterone, cleavage
and blastocysts rates and relative mRNA abundance were normally distributed with homogeneous
variance, so one-way analysis of variance (ANOVA), followed by Tukey´s test, was performed to
evaluate the significance of differences between groups. Values were considered significantly different
at p < 0.05. Unless otherwise indicated, data are presented as the mean ± SEM.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/15/5340/
s1. Figure S1: Quantification of mitochondria activity in bovine oocytes after in vitro maturation in the presence
of nobiletin. Control (n = 59): oocytes cultured in the presence of SOF and 5% FCS; CDMSO (n = 56): oocytes
cultured in the presence of SOF + 5% FCS supplemented with 0.01% DMSO; Nob10 (n = 61), Nob25 (n = 76),
Nob50 (n = 71), Nob100 (n = 74) oocytes cultured in presence of SOF + 5% FCS supplemented with 10, 25, 50 and
100 µM nobiletin, respectively, Table S1: Summary of primer sequences used for RT-qPCR in oocytes, CCs and
blastocysts after in vitro maturation in the presence of nobiletin.
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Nobiletin enhances 
the development and quality 
of bovine embryos in vitro 
during two key periods 
of embryonic genome activation
Karina Cañón‑Beltrán1,2,6, Yulia N. Cajas1,6, Serafín Peréz‑Cerezales1, Claudia L. V. Leal1,3, 
Ekaitz Agirregoitia4, Alfonso Gutierrez‑Adán1, Encina M. González5 & Dimitrios Rizos1*

In vitro culture can alter the development and quality of bovine embryos. Therefore, we aimed to 
evaluate whether nobiletin supplementation during EGA improves embryonic development and 
blastocyst quality and if it affects PI3K/AKT signaling pathway. In vitro zygotes were cultured in 
SOF + 5% FCS (Control) or supplemented with 5, 10 or 25 µM nobiletin (Nob5, Nob10, Nob25) or with 
0.03% dimethyl‑sulfoxide  (CDMSO) during minor (2 to 8‑cell stage;  MNEGA) or major (8 to 16‑cell stage; 
 MJEGA) EGA phase. Blastocyst yield on Day 8 was higher in Nob5 (42.7 ± 1.0%) and Nob10 (44.4 ± 1.3%) 
for  MNEGA phase and in Nob10 (61.0 ± 0.8%) for  MJEGA phase compared to other groups. Mitochondrial 
activity was higher and lipid content was reduced in blastocysts produced with nobiletin, irrespective 
of EGA phase. The mRNA abundance of CDK2, H3-3B, H3-3A, GPX1, NFE2L2 and PPARα transcripts 
was increased in 8‑cells, 16‑cells and blastocysts from nobiletin groups. Immunofluorescence analysis 
revealed immunoreactive proteins for p‑AKT forms (Thr308 and Ser473) in bovine blastocysts 
produced with nobiletin. In conclusion, nobiletin supplementation during EGA has a positive effect on 
preimplantation bovine embryonic development in vitro and corroborates on the quality improvement 
of the produced blastocysts which could be modulated by the activation of AKT signaling pathway.

In vitro culture (IVC) of bovine embryos is one of the most important processes in the development of assisted 
reproductive techniques due to the fact that postfertilization culture conditions can dramatically alter the quality 
of the resulting  blastocysts1,2. In vitro, gametes and embryos are exposed to spatial and temporal unnatural con-
ditions, whose scope is not completely  known3. Although many improvements have been made, in vitro culture 
systems are still not as efficient as in vivo embryo  production4. In cattle, the proportion of embryos reaching the 
blastocyst stage is around 30–40%5 and are often compromised in quality and competence manifested by a darker 
 morphology1 or altered gene expression  patterns6 when compared to their in vivo counterparts. The factors that 
most influence the quality of the embryos are the conditions after fertilization; which include physicochemical 
(temperature, osmolality, and pH), oxidative (antioxidant balance), and energetic (production, utilization, and 
storage)  stresses6.

Under in vitro conditions, the dynamics of embryo development and the kinetics of cleavage are related to the 
subsequent developmental stages: the faster-cleaved embryos have a higher chance to develop to the blastocysts 
 stage7. Therefore, the morphological and metabolic changes that occur during the first 4 days of preimplanta-
tion development of the bovine embryo are the most important; besides, during this same period the embryonic 
genome activation (EGA)  occurs2,8. At the start of early embryogenesis, all mRNAs and proteins controlling 
development are of maternal origin, and as development progresses, these reserves gradually degrade while 
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embryonic transcripts are synthesized; this process is called maternal-to-embryonic transition and involves 
 EGA9. The EGA occurs in distinct waves, which are species-specific. Bovine preimplantation embryo develop-
ment is characterized by two distinct phases: (i) minor EGA  (MNEGA) (2-cell to 8-cell stages) where zygotes and 
early embryos are transcriptionally and translationally active; (ii) major EGA  (MJEGA) (8-cell to 16-cells stages) 
which includes a gradual degradation of mRNA molecules of maternal origin, together with a change in the 
protein synthesis, and these events are key factors for successful embryonic development and  differentiation2,8. 
EGA is a prerequisite for correct compaction, that leads to an increase in intercellular adhesion mediated by 
adherent junctions and embryonic  polarization10, as well as the formation of the blastocyst, with its trophecto-
derm (TE), and the inner cell mass (ICM)11.

In recent years, the role of different signaling pathways in preimplantation development has been analyzed, 
suggesting the existence of a complex network of signals that control and are responsible for cell division, dif-
ferentiation, cytoskeleton rearrangements, cell proliferation and  apoptosis11,12. One of the most important signal 
transduction pathways that regulate cell survival is PI3K/AKT. PI3K/AKT pathway consists of several molecules, 
including kinases, phosphatases, and transcription factors that are fundamental in processes such as migration, 
metabolism, and cell cycle  progression13,14. During embryonic development, PI3K/AKT regulates cell survival 
and its inhibition can cause a significant delay in blastocyst  hatching12. In this context, the quality of the embryos 
produced in vitro depends not only on the proper functioning of the signaling pathways but also on the post-
fertilization culture environment.

To improve the blastocysts rates and quality, several studies have probed the addition of different types 
of natural antioxidants to the IVC medium, such as vitamin  C15 or  crocetin16. These compounds improved 
embryonic quality in terms of increase in blastocysts rates and embryo cell number, as well as reduction in 
reactive oxygen species (ROS) levels and apoptotic cells in embryos. In recent years, nobiletin a class of polym-
ethoxylated flavone identified from the citrus peel (chemically known as 5,6,7,8,3′,4′ hexamethoxyflavone), has 
drawn increasing attention since it is easily absorbed across the cytoplasmic membranes due to its structure and 
lipophilic  nature17. In addition, it has been reported that nobiletin has a broad spectrum of biological activities, 
that include antioxidative functions and cell cycle  regulation17. We observed that supplementation of in vitro 
maturation (IVM) medium with nobiletin counteracts the effects of the increase in ROS production during 
IVM, improves oocyte nuclear and cytoplasmic maturation, and subsequent embryo development and quality 
in  bovine18. Other studies using cultured cell lines have demonstrated that nobiletin can modulate signaling 
cascades, including PI3K/AKT signaling  pathway17,19. Nevertheless, the mechanism of specific action by which 
nobiletin modulates this signaling pathway is not fully understood, and, to our knowledge, there is no evidence of 
any developmental effect of nobiletin supplementation during post-fertilization embryo culture in vitro. Thus, in 
this study, we aimed to evaluate whether supplementation of nobiletin to the in vitro culture medium during the 
two EGA phases improves embryonic development and blastocyst quality and if its action is related to the PI3K/
AKT signaling pathway. The parameters evaluated in blastocysts were, (i) lipid accumulation, (ii) mitochondrial 
activity, (iii) quantitative changes of key genes related to quality and development, (iv) immunolocalization of 
phosphorylated-AKT (p-AKT) and (v) level by western blot analysis for AKT and p-AKT (Thr308/Ser473).

Results
Nobiletin during  MNEGA or  MJEGA enhances early embryo development in vitro. For all experi-
mental groups, only embryos that reached the 8-cell stage at 54 h post-insemination (hpi) were selected for the 
study. As shown in Fig. 1a for  MNEGA phase, no differences were observed in cleavage rate at 54 hpi, which ranged 
from 82.3 ± 1.0 to 85.5 ± 0.5%. At 54 hpi, no differences were observed either in the proportion of embryos that 
reached the 8-cell stage, which ranged from 57.1 ± 1.4 to 60.4 ± 0.7%. Consequently, a similar proportion of 
embryos with a delayed development (< 8 cells), which ranged from 22.6 ± 0.9 to 26.6 ± 1.2%, was observed 
(Fig. 1b). Blastocyst yield at Day 7 and 8 (Fig. 1c) was significantly higher (P < 0.001) for Nob5 (39.7 ± 0.8 and 
42.7 ± 1.0%, respectively) and Nob10 (41.0 ± 1.0 and 44.4 ± 1.3%), compared to Control (32.7 ± 0.7 and 34.6 ± 
0.7%);  CDMSO (32.8 ± 0.5 and 34.9 ± 0.4%) and Nob25 (31.8 ± 1.7 and 34.6 ± 1.2%) (Supplementary Table S1).

During  MJEGA, cleavage rate at 54 hpi was 86.6 ± 0.2% and the proportion of embryos that reached the 8-cell 
stage was 71.1 ± 0.4% while the proportion of embryos with a delayed development (< 8 cells) was 15.5 ± 0.3% 
(Fig. 1d). At 96 hpi a significantly (P < 0.001) higher proportion of embryos reached the 16-cell stage in Nob5 
and Nob10 groups (70.1 ± 0.5% and 69.9 ± 0.4%, respectively) compared to Control (60.0 ± 0.4%),  CDMSO (60.7 ± 
0.4%) and Nob25 (60.8 ± 0.8%) groups (Fig. 1e). As a consequence, a significantly lower proportion of embryos 
with a delayed development (<16 cells) was observed in Nob5 and Nob10 compared to the other groups (Nob5: 
29.9 ± 0.5% and Nob10: 30.1 ± 0.4% vs Control: 40.0 ± 0.4%,  CDMSO: 39.3 ± 0.4% and Nob25: 39.2 ± 0.8%, 
P < 0.001). On Day 7 and 8, blastocyst yield was significantly higher (P < 0.001) for Nob10 (54.5 ± 1.1% and 
61.0 ± 0.8%, respectively) compared to Control (38.4 ± 1.1% and 47.3 ± 1.4%),  CDMSO (35.8 ± 1.0% and 44.0 ± 
1.1%), Nob5 (46.6 ± 0.8% and 52.5 ± 1.5%) and Nob25 (35.9 ± 1.5%–42.5 ± 1.3%) groups, while Nob5 was higher 
(P < 0.001) compared to Nob25 and both control groups (Fig. 1f) (Supplementary Table S2).

Nobiletin during  MNEGA or  MJEGA increases the quality of in vitro produced blastocysts. Only 
the experimental groups that showed better blastocyst yield in the previous experiment (Nob5 and Nob10 dur-
ing  MNEGA or  MJEGA) were used for embryo quality evaluation in comparison with both control groups (Control 
and  CDMSO).

The mitochondrial activity was higher (P < 0.001) in blastocysts from Nob5 and Nob10 groups, from either 
 MNEGA or  MJEGA phase, compared with both control groups (Fig. 2).
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Figure 1.  Nobiletin effect in embryonic development. Developmental rates of in vitro produced bovine 
embryos cultured during 21–54 h post-insemination (hpi)  (MNEGA: a–c) or during 54–96 hpi  (MJEGA: 
d–f) with or without nobiletin. (a,d) Total cleavage rate at 54 hpi; (b,e) embryos ≥ or ≤ 8-cell stage at 54 hpi 
and ≥ or ≤ 16-cell stage at 96 hpi; (c,f) blastocyst rate on Days 7–8 pi (in vitro fertilization = Day 0), from embryos 
cultured in SOF + 5% FCS (Control), supplemented or not with 5 (Nob5), 10 (Nob10) or 25 µM (Nob25) 
nobiletin or with 0.03% dimethyl sulfoxide  (CDMSO) during  MNEGA or  MJEGA respectively. Results are expressed 
as mean ± s.e.m. Significant differences (P < 0.001) are indicated with different letters.
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Figure 2.  Nobiletin effect in blastocysts mitochondrial activity. (a) Quantification of mitochondrial 
fluorescence intensity in arbitrary units (a.u) in Day 7 blastocysts cultured in SOF + 5% FCS (Control), 
supplemented or not with 5 (Nob5) or 10 µM (Nob10) nobiletin or with 0.03% dimethyl sulfoxide  (CDMSO) 
during 21–54 hpi  (MNEGA: presumptive zygote to 8-cell stage) or during 54–96 hpi  (MJEGA: 8- to 16-cell 
stage). Data are the mean ± s.e.m. Significant differences (P < 0.001) are indicated with different letters. (b) 
Representative fluorescence images of mitochondrial activity in Day 7 blastocysts from all experimental groups 
(Control, Nob5 Nob10,  CDMSO) in both phases  (MNEGA or  MJEGA). Images were captured on 63× objective. Scale 
bar 50 µm.



5

Vol.:(0123456789)

Scientific Reports |        (2021) 11:11796  | https://doi.org/10.1038/s41598-021-91158-7

www.nature.com/scientificreports/

When analyzing the lipid content, we observed that the total area of lipid droplets in blastocysts resulting from 
treatments during  MNEGA or  MJEGA was significantly reduced (P < 0.001) in Nob5 and Nob10 groups compared 
with the control groups (Fig. 3).

The total number of cells was greater (P < 0.001) in blastocysts from  MNEGA phase produces with 5 µM of 
nobiletin (137.3 ± 0.6) compared to all other groups (Control: 105.7 ± 0.7;  CDMSO: 106.4 ± 0.8; Nob10: 126.7 ± 0.8), 
while blastocysts from Nob10 group had more cells (P < 0.001) compared to control groups, but less (P < 0.001) 
when compared to Nob5. However, during  MJEGA phase the total number of cells was higher in blastocysts from 
Nob5 and Nob10 groups (133.2 ± 0.9 and 134.2 ± 0.7, respectively) compared to control groups (Control: 104.9 
± 0.7 and  CDMSO: 104.6 ± 0.6) (P < 0.001) (Supplementary Table S3).

Gene expression in ≥ 8‑cell embryos and blastocysts produced with nobiletin during  MNEGA. The mRNA abun-
dance of CDK2, H3‑3B, H3‑3A, and GPX1 was significantly increased in 8-cell stage embryos from Nob5 and 
Nob10 groups compared to both controls (P < 0.05) (Fig. 4a). The expression of PPARα and GPX1 was sig-
nificantly higher in blastocysts from Nob5 and Nob10 groups when compared with both controls (P < 0.05) 
(Fig. 4b). No differences were observed for the PPARGC1A, PPARα, RPS6KB1, and NFE2L2 transcripts in 8-cell 
stage embryos and PPARGC1A, RPS6KB1, CDK2, H3‑3B, H3F3A, and NFE2L2 in blastocysts.

Gene expression in ≥ 16‑cell embryos and blastocysts produced with nobiletin during  MJEGA. The expression 
level of CDK2, H3‑3B and NFE2L2 transcripts was significantly increased in 16-cell stage embryos from Nob10 
group compared to Nob5 and both control groups. While the expression of GPX1 gene was higher in Nob5 and 
Nob10 compared to control groups (P < 0.05) (Fig. 5a). In blastocysts the expression of PPARα was significantly 
higher in Nob10 group compared to all other groups (P < 0.05), while CDK2 and GPX1 were upregulated in 
both nobiletin groups compared with controls (P < 0.05) (Fig. 5b). No significant differences were observed 
for PPARGC1A, PPARα, RPS6KB1 and H3‑3A in 16-cell stage embryos, and for PPARGC1A, RPS6KB1, H3‑3B, 
H3‑3A and NFE2L2 in blastocysts.

Nobiletin during  MNEGA or  MJEGA increases AKT phosphorylation in blastocysts produced 
in vitro. Immunofluorescence analysis revealed immunoreactive proteins for p-AKT in bovine blastocysts. In 
Day 7 blastocysts, AKT increased its phosphorylation levels when nobiletin was present in the culture medium 
(Nob5 and Nob10 groups) during  MNEGA or  MJEGA. While p-AKT levels were weaker in blastocysts produced 
from control groups during  MJEGA phase (Fig. 6).

Similarly, the western blot analysis showed that both p-AKT-Thr308 and p-AKT-Ser473 phosphorylation 
levels were significantly higher in blastocysts produced with nobiletin supplementation (Nob5 and Nob10) dur-
ing  MNEGA phase when compared with control groups (P < 0.05) (Fig. 7a–c). A similar pattern was observed 
in response to nobiletin treatment during  MJEGA, as p-AKT-Thr308 and p-AKT-Ser473 phosphorylation levels 
were significantly higher in blastocysts produced with Nob5 and Nob10 compared with control groups (P < 0.05) 
(Fig. 7d–f).

Discussion
Under in vivo conditions, cells have antioxidants levels in equilibrium and possess physiological mechanisms 
to hinder excessive free radical  formation20. During in vitro culture this mechanism suffers disturbances, in 
which the redox balance is altered with an increase in the production of free radicals and, as a consequence, a 
decrease in embryo  development6. Several studies, aiming to identify the most effective antioxidants to reduce 
the alteration of the redox balance and ROS levels during the in vitro production of embryos, have shown that 
the addition of quercetin, resveratrol, vitamin C or carnitine to the culture media have beneficial effects on early 
embryonic  development15,21. To our knowledge, the present study is the first that investigates the antioxidant 
effects of nobiletin supplementation in the culture medium during the two main phases of EGA  (MNEGA: minor 
activation from 2- to 8-cell stage and  MJEGA: major activation from 8- to 16-cell stage)2,8 in bovine embryo 
developmental competence in vitro and quality of the produced blastocysts, as well as its possible interaction 
with the AKT signaling pathway.

Irrespective of concentration, addition of nobiletin to culture media during  MNEGA phase (21–54 hpi) did not 
affect cleavage rates at 54 hpi as well as the percentage of embryos reach the 8-cell stage but increased blastocyst 
production, whereas nobiletin supplementation in culture media during  MJEGA phase (54–96 hpi) significantly 
increased the percentage of embryos that reach the16-cell stage and blastocyst production. Several studies have 
shown that during EGA the bovine embryo actively synthesize transcription factors and this process directly 
links to chromatin changes, protein allocation, nuclear reorganization and cell  proliferation8,22. Since in our 
results developmental kinetics were stimulated with more 16-cell embryos by nobiletin during  MJEGA, we could 
hypothesize that nobiletin activates early embryonic genes important for the proper genomic function of the 
embryo during major EGA. Although with our experimental design we cannot link this effect specifically with 
either of the two activation phases of the embryonic genome.

The evidence that nobiletin supplementation improves blastocyst production is in line with other studies 
showing increased embryo development in vitro when culture medium was supplemented with biological antioxi-
dants similar to  nobiletin16,23,24. Another effect of nobiletin was to induce a significant increase in mitochondrial 
activity and a lower content of lipid droplets in blastocysts from both EGA phases analyzed. Mitochondria play 
a central role in the generation of adenosine triphosphate (ATP), so, they are considered as energy control units 
necessary for cell division, pluripotency and  differentiation25. Cagnone and  Sirard6, reported that in vivo, during 
the early cleavages, mitochondria and intracellular metabolism are quiescent. Nevertheless, in vitro, this meta-
bolic quiescence is altered due to the presence of nutrients in excessive amounts that overstimulate mitochondria 
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Figure 3.  Nobiletin effect in blastocysts lipid content. (a) Quantification of the total area of lipid droplets 
(µm2) in Day 7 blastocysts cultured in SOF + 5% FCS (Control), supplemented or not with 5 (Nob5) or 10 µM 
(Nob10) nobiletin or with 0.03% dimethyl sulfoxide  (CDMSO) during 21–54 hpi  (MNEGA: presumptive zygote to 
8-cell stage) or during 54–96 hpi  (MJEGA: 8- to 16-cell stage). Data are the mean ± s.e.m. Significant differences 
(P < 0.001) are indicated with different letters. (b) Representative fluorescence images of lipid droplets in Day 
7 blastocysts from all experimental groups (Control, Nob5 Nob10,  CDMSO) in both phases  (MNEGA or  MJEGA). 
Images were captured on 63× objective. Scale bar 50 µm.
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and alter their efficiency to respond to oxidative  phosphorylation6. Mitochondria also sense changes in redox 
potential and force embryos to adapt versus the decreased production of ATP by oxidative phosphorylation dur-
ing the transition from morula to  blastocyst6,25. Besides, some studies reported that changes in mitochondrial 
activity may affect the development of energetic metabolism in the embryo, in terms of availability of glucose, 
lipids, amino acids and DNA  methylation6,26. Although the nobiletin action mechanism in mitochondria has 
not been fully elucidated, in a previous study we observed that increased oocyte mitochondrial activity was 
related to the cytoprotective effects of nobiletin and its intrinsic ROS-scavenging  property18. Nevertheless, the 
effect in the blastocyst could be explained based on the fact that nobiletin is a hydrophobic compound, which 
easily penetrates through cell membranes directly affecting mitochondrial bioenergetics. Nobiletin can modify 
intramitochondrial proteins (e.g. acetylated proteins localized within the mitochondria in the brain of rats)27 or 
alter the mitochondrial membrane potential by changing the activities of mitochondrial enzymes, like succinate 
dehydrogenase and cytochrome c oxidase as it has been demonstrated in human blood  lymphocytes28. However, 
to verify if this mechanism occurs in bovine blastocysts, further investigation is necessary.

Lipid content is a crucial factor for early embryo development in vitro in bovine since energy metabolism 
is abnormal under such conditions, resulting in an excessive accumulation of lipids associated with reduced 
embryonic  quality29. Lipids are stored in intracellular droplets and are metabolized via β-oxidation in the mito-
chondrial matrix. A large amount of lipid droplets increases the production of ATP necessary for the formation 
of blastocysts but this can affect its quality; thus, a lower number of lipid droplets in blastocysts is considered as 
a criterion of good quality  embryos16. Our results showed for both EGA phases, nobiletin supplementation in 
culture medium reduced the amount of lipids in blastocysts. Furthermore, we analyze the expression of peroxi-
some proliferator-activated receptor alpha transcript (PPARα), belonging to one of the 3 key nuclear receptors 

Figure 4.  Relative mRNA transcript abundance of embryo development-related genes in in vitro produced 
embryos cultured during 21–54 h post insemination  (MNEGA: presumptive zygote to 8-cell stage) with or 
without nobiletin. (a) Relative abundance in 8-cell stage embryos cultured in SOF + 5% FCS (Control), 
supplemented or not with 5 (Nob5) or 10 µM (Nob10) nobiletin or with 0.03% dimethyl sulfoxide  (CDMSO) 
during  MNEGA phase. (b) Relative abundance in blastocysts from Control, Nob5, Nob10, and  CDMSO 
experimental groups from  MNEGA phase. The relative abundance of the transcripts was normalized to H2AFZ 
and ACTB as housekeeping genes. Data are the mean ± s.e.m. Different letters indicate significant difference 
(P < 0.05) between treatments.
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in the modulation of transcription for lipid metabolism-related  genes30. PPARα was previously detected in cattle 
embryos and has been associated with embryo  quality31. In our study, PPARα was significantly upregulated in 
blastocysts produced with both concentrations of nobiletin supplementation during  MNEGA phase or 10 µM 
of nobiletin supplementation during  MJEGA compared to controls. These results together are in line with other 
studies which demonstrated that antioxidant supplementation in IVC medium, like  crocetin23 and L-carnitine21, 
improved embryo quality by decreasing their lipid content. Regarding nobiletin, studies in mice showed its abil-
ity to reduce hepatic lipid accumulation, prevent lipoprotein overproduction and normalize insulin sensitivity 
when supplied in the  diet32. Moreover, it has been demonstrated that nobiletin reduces lipid accumulation and 
regulates lipidic metabolism in hepatic cell  lines17,33. There is evidence that nobiletin upregulates the expression 
of PPARα in white adipose tissue of  mice17. An explanation for the reduction of lipids by nobiletin has been 
proposed indicating that full methoxylation of the A-ring of nobiletin seems to be the most optimal structure to 
express potent effects on modulating hepatic lipid metabolism via primarily suppressing lipoprotein secretion in 
HepG2  cells33. Therefore, it appears that the ability of nobiletin to reduce lipid content and improve mitochondrial 
activity in blastocysts may be related to the properties of its chemical structure that allows modulation of lipid 
metabolism and mitochondrial activity. Moreover, activation of PPARα by nobiletin could result in increased 
embryo lipid turnover through the β-oxidative pathway, preventing accumulation of lipoperoxides despite per-
oxisomal induction. Recent studies have shown that response of embryos to IVC involves a variety of metabolic 
factors that act as signals of extracellular and intracellular conditions to which the early embryos can adapt cell 
programming, signaling pathways, mitochondrial metabolism (mitochondrial production of Acetyl‐Coenzyme 
A (Acetyl‐Co A) and methyl groups, which are dependent on the availability of glucose, lipids and amino acids) 
or peroxisome proliferator-activated receptors (PPARs) in response to lipid content. These factors in the embryo 
are translated into effects on developmental speed or epigenetic  modifications6,34,35. Consequently, these results 

Figure 5.  Relative mRNA transcript abundance of embryo development-related genes in in vitro produced 
embryos cultured during 54–96 hpi  (MJEGA: 8-to 16-cell stage) with or without nobiletin. (a) Relative abundance 
in16-cell stage embryos cultured in SOF + 5% FCS (Control), supplemented or not with 5 (Nob5) or 10 µM 
(Nob10) nobiletin or with 0.03% dimethyl sulfoxide  (CDMSO) during  MNEGA phase. (b) Relative abundance 
in blastocysts from Control, Nob5, Nob10, and  CDMSO experimental groups from  MJEGA phase. The relative 
abundance of the transcripts was normalized to H2AFZ and ACTB as housekeeping genes. Data are the 
mean ± s.e.m. Different letters indicate significant difference (P < 0.05) between treatments.
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can reinforce the antioxidant-defense role of nobiletin during early embryo development in vitro in bovine and 
could indicate an improvement of the quality of the produced blastocysts.

Embryo cell number is a parameter correlated with embryonic development and quality. Also, it has been 
reported for different cellular lines (MOLT-4, HUVEC, PC12D, K-N-SH cells) that nobiletin exert its activity by 
modulation of cell cycle  progression17. We observed that regardless of EGA phase  (MNEGA and  MJEGA), nobiletin 
supplementation in culture media increased the total cell number of produced blastocysts. This increase rate was 
similar to that observed with other antioxidants such as vitamin  C15 or  crocetin16,23, suggesting that nobiletin 
could directly stimulate the cell cycle during EGA and improve embryo quality.

To verify if the effects of nobiletin during  MNEGA or  MJEGA were related to gene expression changes, we ana-
lyzed the expression of candidate genes for oxidative stress, embryo development and quality. Glutathione peroxi-
dase (GPX1) and Nuclear Factor Erythroid 2-Like 2 (NFE2L2), are oxidative-stress-response-related genes. GPX1, 
considered the major antioxidant enzyme within the Glutathione peroxidase family, is ubiquitously expressed 
in the cytosol and also has been found in  mitochondria20. Furthermore, GPX1 acts as a scavenger of hydrophilic 
peroxide species, can be transformed into an enzymatically inactive cellular structural component, and protects 
cells against oxidative  damage20. During in vitro production ROS generation increases and one of the defenses 
to counter excess ROS in the embryo is GPX1; therefore, GPX1 overexpression has been positively linked with 
embryo  quality36,37. In our study, gene expression analysis revealed the upregulation of GPX1 in 8- and 16-cell 
embryos as well as in blastocysts produced with nobiletin supplementation during  MNEGA or  MJEGA phases. A 
similar response has been reported in sheep and bovine embryos treated with other types of antioxidants like 
L-carnitine21 or  crocetin16. NFE2L2 transcript (also known as Nrf2) is important for embryo tolerance to oxidative 
stress during EGA as well as for its competence for  development2. PI3K/AKT pathway plays a role in regulating 
NFE2L2 activation and is involved in the regulation of protein kinases, which may induce nuclear  translocation38. 
Harris and  Hansen39, and Ghanem et al.29 reported in mice that up-regulation of NFE2L2 transcript may protect 
embryos from oxidative stress through preservation of intracellular redox states to ensure normal embryonic 
development. In the same line, our results showed the relative abundance of NFE2L2 transcript increased in 
16-cell stage embryos cultured with 10 µM nobiletin during  MJEGA, while remained unaltered in 8-cell stage 
embryos as well as in blastocysts from both treatments. Moreover, data obtained in cancer cells of mice showed 
that NFE2L2 mRNA levels were upregulated when nobiletin was supplemented in culture  medium40. Taken 
together, these data suggest that nobiletin plays an antioxidant-defense role via distinct pathways during the 
different phases of early embryo development in vitro. However, it is necessary to confirm this antioxidant action 
by measuring ROS levels in the embryos.

Cyclin Dependent Kinase 2 (CDK2) is necessary for cell cycle progression, and is a major kinase that gov-
erns AKT phosphorylation, while it also participates on  EGA41. In our study, CDK2 mRNA expression was 
upregulated in 8-cell  (MNEGA), and blastocysts  (MJEGA) cultured with 5 µM or 10 µM of nobiletin as well as in 
16-cell  (MJEGA) cultured with 10 µM of nobiletin. This is in line with previous data obtained in bovine embryos 

Figure 6.  Nobiletin effect in the phosphorylated-AKT (p-AKT) in blastocysts. Representative images of 
immunofluorescence detection of p-AKT in in vitro produced bovine blastocysts cultured during 21–54 hpi 
 (MNEGA: presumptive zygote to 8-cell stage) or during 54–96 hpi  (MJEGA: 8- to 16-cell stage) in SOF + 5% FCS 
(Control), supplemented or not with 5 (Nob5) or 10 µM (Nob10) nobiletin or with 0.03% dimethyl sulfoxide 
 (CDMSO). Positive staining for p-AKT proteins shown in green. Cell nuclei were counterstained with Hoechst 
stain (blue). Images were captured on 63× objective. Scale bar 20 µm.
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Figure 7.  Nobiletin during  MNEGA or  MJEGA increases AKT phosphorylation in blastocysts. (a,b) Quantification of 
phosphorylation levels of pAKT-Thr308/tAKT and pAKT-Ser473/tAKT in in vitro produced bovine Day 7 blastocysts 
cultured during 21–54 hpi  (MNEGA: presumptive zygote to 8-cell stage) in SOF + 5% FCS (Control), supplemented or not with 
5 µM (Nob5) or 10 µM (Nob10) nobiletin or with 0.03% dimethyl sulfoxide  (CDMSO). (c) Western blot images showing the 
expression of pAKT-Thr308, pAKT-Ser473, (t)AKT and β-actin in Day 7 blastocysts from  MNEGA phase. (d,e) Quantification 
of phosphorylation levels of pAKT-Thr308/tAKT and pAKT-Ser473/tAKT in in vitro produced bovine Day 7 blastocysts 
cultured during 54–96 hpi  (MJEGA: 8- to 16-cell stage) in Control, Nob5, Nob10, and  CDMSO. (f) Western blot images showing 
the expression of pAKT-Thr308, pAKT-Ser473, (t)AKT and β-actin in Day 7 blastocysts from  MJEGA phase. Data were 
normalized relative to the abundance of β-actin and p-AKT phosphorylation levels. Samples derive from the same experiment 
and gels were processed in parallel. Cropped western blot membrane images are shown here, while full-length blots are 
presented in Supplementary Figure S1. Data are the mean ± s.e.m. Different letters indicate significant difference (P < 0.05) 
between treatments.
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that showed changes in the levels of transcription in genes associated with cell cycle and observed an increase 
in CDK2 expression during early embryo development (8 and 16-cell embryos, and blastocysts)42. Conversely, 
studies using nobiletin in cancer cells (U87, Hs683) showed a decrease in CDK2  expression17,43. Hence, nobiletin 
seems to respond differently depending on the cell type.

Histone H3.3 is encoded by H3.3 histone A (H3‑3A) and H3.3 histone B (H3‑3B) genes and is related to DNA 
synthesis and integrated into embryonic nucleosomes to mark genes for subsequent expression in  development44. 
We observed that supplementation of 5 or 10 µM nobiletin during  MNEGA, increased the expression of H3‑3B and 
H3‑3A genes in 8- cell embryos while supplementation of 10 µM nobiletin during  MJEGA increased the expression 
of H3‑3B gene in 16-cell embryos. This is in corroboration with results from a recent study were characterization 
of the expression of both genes that encode H3.3 (H3‑3A and H3‑3B) was performed in early bovine embryos, 
demonstrating that H3‑3B mRNA is very abundant throughout early embryogenesis, being two to three times 
higher than H3‑3A mRNA during the major wave of  EGA45. Additionally, a higher abundance of H3‑3B compared 
to H3‑3A was found in mouse  embryos46, suggesting that the protein encoded by H3‑3B gene may be critical 
for initiating the transcription of embryonic genes during EGA. As mentioned above, EGA is crucial for further 
embryo development and regulated by several important  factors47. One crucial factor is histone modification, 
including methylation and  acetylation48.Likewhise, Acetyl‐Co A is a central metabolite linking glucose oxidation 
and long‐chain fatty acid or cholesterol synthesis, providing energy and materials for cell growth and prolifera-
tion. Furthermore, Acetyl‐Co A, as a donor of an acetyl group, can be utilized by histone acetyltransferases for 
histone  acetylation49. A recent study showed that Acetyl‐CoA synthases are essential for maintaining histone 
acetylation under metabolic stress during EGA in pigs and they corroborated that β‐oxidation is crucial for 
porcine embryo development by contributing to energy metabolism and histone  acetylation50. This suggests one 
more time that nobiletin could prefer the β-oxidation pathway as an energy production mechanism.

During in vitro development, embryos have a series of metabolic factors that are required in proliferation, 
differentiation, and survival of  cells13,51. In this context, the quality of the embryos produced in vitro depends 
on many factors, among them the expression of different genes, as we have shown in this study. Gene expression 
depends of different signaling pathways that play important roles in the formation of the blastocyst, for example, 
PI3K/AKT12,13,51. AKT regulates cellular processes such as glucose metabolism, transcription, cellular growth and 
 proliferation51. In blastocysts, AKT inhibition alters their development and AKT activation triggers the differen-
tiation and migration of trophoblast  cells14,52. Other studies showed that the AKT appear to have an important 
role in early embryonic development, in double-knockout mice deletion of any of the AKT isoforms leads to 
embryonic death or exhibiting more severe phenotype and earlier  lethality53. In addition, PI3K/AKT regulates 
the development of preimplantation embryo by mediating the effects of autocrine  factors54. Previous studies in 
cell lines have shown that nobiletin can act through various signaling pathways, including  AKT17. However, as 
far as we know, nobiletin action on AKT pathway in bovine blastocysts produced in vitro is unknown. In this 
study, we established the presence of the AKT pathway in bovine blastocysts. Based on immunofluorescence 
images, p-AKT protein appears to be predominantly localized in the cytoplasm of embryos cultured with 5 and 
10 µM nobiletin during  MNEGA and  MJEGA, suggesting constant stimulation of this pathway during the preim-
plantation period. Expression of the AKT protein and its phosphorylation status were confirmed by western 
blot analysis of bovine blastocysts produced with or without nobiletin supplementation during  MNEGA or  MJEGA 
phases. Similar results were found by Ashry et al.14, who investigated the relationship between AKT signaling 
and the embryotrophic actions of follistatin, and indicated that it plays an important role in the regulation of 
AKT signaling in early bovine embryos. Together, these results suggest that nobiletin is associated with increased 
AKT phosphorylation and, as it has been shown in cell lines studies, nobiletin has the ability to interact with 
this pathway, and regulate specific genes. In our study increased AKT phosphorylation might be related to 
the increase in the production and the expression of genes that favor the progression of the cell cycle (CDK2) 
and to the improvement in embryo quality by increasing mitochondrial activity and genes related to oxidative 
stress (NFE2L2), and reducing lipid content (PPARα). However, further studies are needed to fully elucidate its 
mechanism of action in early embryos.

In conclusion, nobiletin supplementation during  MNEGA or  MJEGA has a positive effect on preimplantation 
bovine embryonic development in vitro by increasing blastocyst production and also corroborates on the increase 
in transcription level of genes related to cell division. Besides, this effect is reflected on the blastocysts quality 
improvement by (i) stimulating mitochondrial activity and expression of genes related to the protection of oxi-
dative stress, and (ii) reducing the cytoplasmatic accumulation of lipids and promoting the expression of genes 
that regulate lipid metabolism. In addition, these positive responses of nobiletin on embryonic development 
and quality of the produced blastocysts in vitro could be modulated by the activation of AKT signaling pathway 
(Fig. 8). Therefore, nobiletin could constitute a suitable supplement to overcome oxidative stress in bovine IVP 
and improve ARTs in mammals.

Methods
Unless stated otherwise, all reagents were purchased from Sigma-Aldrich Corporation (St Louis, MO, USA).

Oocyte collection and maturation. Immature cumulus-oocyte complexes (COCs) were obtained by 
aspirating follicles (2–8 mm) from the ovaries of mature heifers and cows collected from a local abattoir. COCs 
(homogeneous cytoplasm and intact CCs) were selected and matured in four-well dishes (Nunc, Roskilde, Den-
mark) in 500 μL maturation medium (TCM-199), supplemented with 10% (v/v) fetal calf serum (FCS) and 10 
ng/mL epidermal growth factor (EGF), in groups of 50 COCs per well for 24 h at 38.5 °C and an atmosphere of 
5%  CO2 in the air with maximum  humidity55.
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Sperm preparation and in vitro fertilization (IVF). IVF was performed as described  previously56. 
Briefly, frozen semen straws (0.25 mL) from an Asturian Valley bull previously tested for IVF were thawed at 37 
°C in a water bath for 1 min and centrifuged for 10 min at 280×g through a gradient of 1 mL of 40% and 1 mL of 
80% Bovipure (Nidacon Laboratories AB, Göthenborg, Sweden) according to the manufacturer´s instructions. 
The sperm pellet was isolated and washed in 3 mL of Boviwash (Nidacon Laboratories AB) by centrifugation at 
280×g for 5 min. The pellet was re-suspended in the remaining 300 µL of Boviwash. The final concentration of 
spermatozoa was adjusted to 1×106 spermatozoa/mL. Gametes were co-incubated for 18–22 h in 500 µL ferti-
lization medium (Tyrode’s medium) with 25 mM bicarbonate, 22 mM sodium lactate, 1 mM sodium pyruvate 
and 6 mg/mL fatty acid-free bovine serum albumin (BSA) supplemented with 10 mg/mL heparin sodium salt 
(Calbiochem) in four-well dishes in groups of 50 COCs per well in an atmosphere of 5%  CO2 in the air with 
maximum humidity at 38.5 °C.

In vitro culture of presumptive zygotes. At approximately 21 hpi, a total of 7237 (3398 for  MNEGA 
phase and 3839 for  MJEGA phase) presumptive zygotes were denuded of cumulus cells (CCs) by vortexing for 3 
min and then cultured in groups of 50 in a four-well dish containing 500 µL per well of culture medium (syn-
thetic oviductal fluid (SOF);57 supplemented with 5% (v/v) FCS, 4.2 mM sodium lactate, 0.73 mM sodium pyru-
vate, 30 µL/mL basal medium eagles (BME) amino acids, 10 µL/mL minimum essential medium (MEM) amino 
acids and 1 µg/mL phenol red, in the presence  (MNEGA) or absence  (MJEGA) of nobiletin (MedChemExpress, 
MCE, Sweden) or with 0.03% dimethyl sulfoxide (DMSO vehicle for nobiletin dilution). At 54 hpi those embryos 
that reached the 8-cell stage were selected and randomly cultured in groups of 50 in SOF + 5% FCS until Day 8 
 (MNEGA) or in presence of nobiletin or DMSO until 96 hpi  (MJEGA). At 96 hpi those embryos that reached the 
16-cell stage were selected and randomly cultured in groups of 50 in SOF + 5% FCS until Day 8  (MJEGA) (see 

Figure 8.  Schematic diagram illustrating the effect of nobiletin on bovine embryo development during the two 
EGA phases  (MNEGA and  MJEGA).  Nobiletin a class of polymethoxylated flavone, is easily absorbed across the 
cytoplasmic membranes due to its structure and lipophilic  nature17, but the specific mechanism of action is not 
clear yet. Nobiletin supplementation during EGA has a positive effect on preimplantation bovine embryonic 
development, also increase the abundance of CDK2 (cell cycle progression), H3‑3A,H3‑3B (development) 
and GPX1 (oxidative stress) transcripts in 8-cells and 16-cells embryos. In addition, the nobiletin effect in 
the produced blastocysts was reflected by stimulating mitochondrial activity, decreasing the cytoplasmatic 
accumulation of lipids and promoting the expression of genes that regulate lipid metabolism and protect against 
oxidative stress. Besides, these positive responses of nobiletin on embryonic development and quality of the 
produced blastocysts in vitro could be modulated by activation of the AKT signaling pathway. In our study 
increased AKT phosphorylation might be related to the increase in the production and the expression of genes 
that favor the progression of the cell cycle (CDK2) and reducing lipid content (PPARα). However, further studies 
are needed to fully elucidate its mechanism of action in early embryos. Figure created with BioRender.com.
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‘Experimental design’ described below for more details). Culture took place at 38.5 °C in an atmosphere of 5% 
 CO2, 5%  O2, and 90%  N2.

Assessment of embryo development and quality
Embryo development. Developmental rate was recorded at 54 hpi from  MNEGA and  MJEGA (≥ 8-cell) and 
96 hpi from the  MJEGA phase (≥ 16-cell). For both phases, cumulative blastocyst yields were recorded at Day 7, 
and 8 pi under a stereomicroscope.

Embryo quality: mitochondrial activity measurement, lipid content quantification and total 
cell number of blastocysts. Day 7 blastocysts (~ 30 per group) were simultaneously evaluated regarding 
mitochondrial activity, the number of lipid droplets, and total cell number. Blastocysts from each treatment 
were first suspended in 100 µL phosphate-buffered saline (PBS) without calcium or magnesium supplemented 
with 0.1% polyvinylpyrrolidone (PVP). Next, blastocysts were equilibrated for 15 minutes in culture media sup-
plemented with 5% FCS and then incubated for 30 min at 38.5 °C in 400 nM MitoTracker DeepRed (Molecular 
Probes, Eugene, USA) for mitochondrial activity; blastocysts were then fixed in 4% paraformaldehyde (PF) for 
30 min at room temperature. For lipid content analysis, fixed blastocysts were permeabilized with 0.1% saponin 
for 30 min and stained for 1 h with 20 μg/mL Bodipy 493/503. For analysis of total cell number, blastocysts were 
stained with Hoechst 33342 (10 μg/mL) for 30 min, washed in PBS + 0.1% PVP three times for 5 minutes each, 
and then mounted in 3.8 μL mounting medium between a coverslip and a glass slide which was sealed with nail 
polish. Slides were examined using a laser-scanning confocal microscope (Leica TCS SP2) equipped with an 
argon laser excited at 488 nm and with an emission spectrum of 500–537 nm for visualization of lipid droplets. 
For mitochondria, we used excitation and emission set at 644 nm and 625–665 nm, respectively. All images were 
captured using the same parameters, performing sequential acquisition.

For the assessment of mitochondrial activity, the fluorescence signal intensity (pixels) was quantified. Serial 
sections of 5 µm were made for each blastocyst and a maximum projection was accomplished for each one. 
Images obtained were evaluated using the ImageJ program (NIH; ImageJ version 1.52k software (http:// rsbweb. 
nih. gov/ ij/)). After selection using the freehand selection tool, each blastocyst was measured to determine its 
area and its integrated density (IntDen), which corresponds to pixel intensity. Also, the background fluorescence 
of an area outside the blastocyst was measured. Fluorescence intensity in each blastocyst was determined using 
the following formula: Relative fluorescence = IntDen − (area of selected blastocyst x mean fluorescence of 
background readings). Fluorescence intensities are expressed in arbitrary units (a.u.).

The lipid quantification in blastocysts was obtained by analysis of the total area of lipids in each blastocyst. 
We captured three images of each blastocyst: one in the middle of the blastocyst (the image with the largest 
diameter) and the other two in the middle of the resulting halves. We used a 63× objective at a resolution of 1024 
× 1024 and images were analyzed using the ‘nucleus counter’ tool, set to detect, distinguish, and quantify droplet 
areas with the ImageJ program. For blastocysts, lipid quantity was corrected by total embryo area, to account 
for varying blastocyst sizes. After verification of a significant correlation  (r2 = 0.84 and P < 0.0001 by Pearson’s 
correlation test) between lipid quantity of three sections in 30 blastocysts (10 per group) we chose the section 
with the largest area per blastocyst to be  analyzed58. Simultaneously, the total number of cells per blastocyst was 
determined by counting the Hoechst stained cells under an epifluorescence microscope (Nikon 141731) equipped 
with a fluorescent lamp (Nikon HB-10104AF) and UV-1 filter.

Embryos at 8‑ and 16‑cell stage and blastocysts for gene expression analysis. Gene expression 
analysis was performed using 3 pools of 10 embryos at 8-cell  (MNEGA); 16-cell  (MJEGA); and Day 7 blastocysts 
of both phases  (MNEGA and  MJEGA) per treatment group: Control,  CDMSO, Nob5, and Nob10. Poly(A) RNA was 
extracted using the Dynabeads mRNA Direct Extraction Kit (Ambion; Thermo Fisher Scientific) with minor 
 modifications59. Immediately after poly(A) RNA extraction, reverse transcription (RT) was performed using 
a Moloney murine leukemia virus (MMLV) Reverse Transcriptase 1st-Strand cDNA Synthesis Kit according 
to the manufacturer’s instructions (Epicentre Technologies Corp, Madison, WI, USA). Tubes were heated to 
70 °C for 5 min to denature the secondary RNA structure, allowing Poly(T) random primers and Oligo dT 
annealing, and the RT mix was then completed by adding 0.375 mM dNTPs (Biotools, Madrid, Spain), 6.25 U 
RNAsin RNAse inhibitor (Promega, Madison, WI, USA), MMLV HP RT 10x reaction buffer, 5 mM DTT and 5 
U MMLV high-performance reverse transcriptase (Epicentre Technologies Corp, Madison, WI, USA). Samples 
were incubated at 25 °C for 10 min, and then at 37 °C for 60 min, to allow the RT of RNA, and finally at 85 °C for 
5 min to denature the enzyme. All mRNA transcripts were quantified in duplicate using a Rotorgene 6000 Real-
Time Cycler (Corbett Research, Sydney, Australia). RT–quantitative polymerase chain reaction (qPCR) was per-
formed by adding a 2 µL aliquot of each cDNA sample (~ 60 ng µL−1) to the PCR mix (GoTaq qPCR Master Mix, 
Promega) containing specific primers to amplify the genes of interest. Primer sequences are provided in Supple-
mentary Table S4. The selection of genes to be evaluated was carried out considering the expression of key genes 
in preimplantation embryonic development. All primers were designed using Primer-BLAST software (http:// 
www. ncbi. nlm. nih. gov/ tools/ primer- blast/) to span exon-exon boundaries when possible. For quantification, 
RT-qPCR was performed as described  previously60. The PCR conditions were tested to achieve efficiencies close 
to 1. Relative expression levels were quantified by the comparative cycle threshold (CT)  method61. Values were 
normalized using two housekeeping genes (H2AFZ and ACTB) selected according to previous  studies56,62, while 
their stabilities were evaluated using the geNorm software for  microsoft63,64, ranking the genes based on the 
internal control gene stability parameter M. Fluorescence was acquired in each cycle to determine the threshold 
cycle or the cycle during the log-linear phase of the reaction at which fluorescence increased above background 
for each sample. Within this region of the amplification curve, a difference of one cycle is equivalent to a dou-

http://rsbweb.nih.gov/ij/
http://rsbweb.nih.gov/ij/
http://www.ncbi.nlm.nih.gov/tools/primer-blast/
http://www.ncbi.nlm.nih.gov/tools/primer-blast/
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bling of the amplified PCR product. According to the comparative CT method, the ΔCT value was determined 
by subtracting the mean CT value of the two housekeeping genes from the CT value of the gene of interest in the 
same sample. The calculation of ΔΔCT involved using the highest treatment ΔCT value (i.e. the treatment with 
the lowest target expression) as an arbitrary constant to subtract from all other ΔCT sample values. Fold-changes 
in the relative gene expression of the target were determined using the formula  2−ΔΔCT.

Immunofluorescence of phospho‑AKT (p‑AKT) in blastocysts. Immunolocalization of p-AKT was 
performed according to López-Cardona et al.65 with minor modifications. Day 7 blastocysts (n = 10 per group) 
were washed twice with PBS + 0.1% PVP and fixed in 4% PF for 10 min at room temperature. Next, they were 
permeabilized by incubation in PBS with 10% FCS and 1% Triton X-100 for 45 min at room temperature. After 
permeabilization, blastocysts were incubated overnight at 4 °C in PBS + 0.1% PVP and 5% FCS and 1:100 rab-
bit polyclonal antibody against p-AKT (Thr308/Ser473) (D9E) XP® Rabbit mAb (Cell Signaling Technology, 
#4060). Following incubation, blastocysts were washed twice in PBS + 0.1% PVP and incubated in PBS sup-
plemented with 5% FCS and 1:250 goat anti-rabbit polyclonal antibody Alexa Fluor 488-conjugate (Molecular 
Probes, Eugene, OR, USA), for 2 h at room temperature followed by washing again three times in PBS + 0.1% 
PVP. In all cases, nuclei were stained with Hoechst 33342 (10 μg/mL). Finally, blastocysts were mounted in 
microdrops with Fluoromount G (EMS, Hatfield, UK) and examined by confocal microscopy (Leica TCS-SPE). 
Negative control was prepared to omit the primary antibody before adding the secondary antibody.

Western blot of AKT in blastocysts. The western blot analysis was performed as described previously 
by Ashry et al.66 with minor modifications. Day 7- 8 blastocysts (n = 20 blastocysts/group, n = 3 replicates/
EGA phase) were lysed in 1 × RIPA buffer (150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% 
SDS, and 50 mM Tris [pH 7.6]), supplemented with 1 × protease, phosphatase Inhibitor Cocktail (Roche, Basel, 
Switzerland), for 1 h at 4 °C. The samples were mixed with 1 × sample buffer and then denatured at 95 °C for 
10 min. Proteins were resolved by SDS-PAGE (12% acrylamide gel loading 45 µL of total protein per well) and 
transferred onto a nitrocellulose membrane. After the transfer, membranes were blocked for 30 min in 3% BSA 
in PBS + 0.1% Tween-20 (PBS-T) at room temperature, and was incubated overnight at 4 °C with a total (t)AKT 
rabbit polyclonal antibody [1:1000 (Vol:Vol), Cell Signaling Technology, #9272S]; or a p-AKT (Thr308) poly-
clonal antibody [1:1000 (Vol:Vol), Cell Signaling Technology, #9275S]; or a p-AKT (Ser473) polyclonal antibody 
[1:1000 (Vol:Vol), Cell Signaling Technology, #9271S]. Then, incubation with the secondary antibody goat anti-
rabbit IgG-HRP [1:2500 (Vol:Vol), Cell Signaling Technology, #7074S] was conducted for 2 h at room tempera-
ture revealed by Enhanced Chemiluminescence kit (RPN2109,  ECLTM, Amersham GE Healthcare) and detected 
by an ImageQuant LAS 500 chemiluminescence CCD camera (GE Healthcare Life Sciences, USA, 29005063). 
The monoclonal anti-β-actin−peroxidase antibody produced in mouse was used as the loading control.

Membranes were probed sequentially with primary p-AKT (Thr308), p-AKT (Ser473) and (t)AKT antibod-
ies. For this purpose, after detection of an antibody membranes were stripped by washing extensively in TBS-T, 
three times for 10 minutes each, and repeating the blocking step, and then the membranes are re-probed with the 
next antibody. After detection of (t)AKT, membranes were stripped and re-probed with anti-β-actin−peroxidase 
antibody. In all cases, intensities of protein bands (optical density (OD)) were quantified by ImageJ software and 
the relative abundance of each protein was normalized to the total–actin expression in the corresponding lane 
and phosphorylation level was expressed as phosphorylated (p) AKT/(t) AKT. The ratio of the OD of the protein 
concerned (AKT/p-AKT) in relation to actin is presented in the form of bar charts.

Experimental design.  Experiment 1: effect of nobiletin on early embryo development in vitro. In this ex-
periment the effect of nobiletin supplementation on embryo development during two developmental periods: 
(a)  MNEGA: from 2-cell to 8-cell stage, minor EGA phase; and (b)  MJEGA: from 8-cell to 16-cell stage, major EGA 
phase was determined by evaluating the cleavage rate at 54 hpi and blastocysts yield at Days 7 and 8 (Fig. 9).

For this purpose, presumptive zygotes/embryos from 2- to 8- cell stage  (MNEGA: 21-54 hpi) or embryos from 
8- to 16-cell stage  (MJEGA: 54–96 hpi) were cultured in SOF + 5% FCS alone (Control: n = 730 and 621 for  MNEGA 
and  MJEGA respectively) or supplemented with 5, 10 or 25 µM nobiletin (Nob5: n = 757 and 518; Nob10: n = 695 
and 553; and Nob25: n = 521 and 424 for  MNEGA and  MJEGA respectively), or 0.03% DMSO  (CDMSO: n = 695 and 
622 for  MNEGA and  MJEGA respectively). For  MJEGA phase groups, embryo culture until 8-cell stage (21-54 hpi) 
was performed in SOF + 5% FCS. At 54 hpi  (MNEGA - Control: n = 388; Nob5: n = 386; Nob10: n = 352; Nob25: 
n = 254;  CDMSO: n = 368) or 96 hpi  (MJEGA- Control: n = 331; Nob5: n = 315; Nob10: n = 347; Nob25: n = 210; 
 CDMSO: n = 331), embryos that reached the 8- or 16- cell stage, respectively, were transferred to SOF + 5% FCS and 
cultured until Day 8, maintaining the different experimental groups separately (Fig. 9). Embryos were cultured 
in groups of 50 under an atmosphere of 5%  CO2, 5%  O2 and 90%  N2 at 38.5 °C.

Considering that during the experiment it was necessary to preselect the embryos at different stages of devel-
opment (≥ 8 cells and ≥ 16 cells), the developmental parameters were calculated as follows: (I) developmental 
rate at 54 hpi: percentage of presumptive zygotes that developed to the 8-cell stage; (II) developmental rate at 
96 hpi: percentage of selected 8-cell embryos at 54 hpi that developed to the 16-cell stage; and (III) blastocyst 
yield: percentage of selected 8-cell embryos (54 hpi) or 16-cell embryos (96 hpi) that continued in culture and 
developed to the blastocyst stage at Day 7 and 8. A representative number of 8-cell  (MNEGA), 16-cell  (MJEGA), 
and Day 7 blastocysts from both phases for each experimental group were frozen in liquid nitrogen  (LN2) in 
three groups of 10 and stored at − 80 °C for gene expression (See Experiment 2). Additionally, Day 7 blastocysts 
from both phases were selected to (i) evaluate quality (See Experiment 2); (ii) immunolocalization of p-AKT or 
(iii) for western blot analysis (See Experiment 3).
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Figure 9.  Experimental design. (a)  MNEGA: Presumptive zygotes were cultured during the minor EGA phase 
(2- to 8-cell stage: 21–54 hpi) in synthetic oviductal fluid (SOF) with 5% fetal calf serum (FCS) (Control); 
supplemented or not with 5, 10 and 25 µM nobiletin (Nob5, Nob10 and Nob25, respectively), or with 0.03% 
dimethyl sulfoxide [control for DMSO vehicle for nobiletin dilution  (CDMSO)]. At 54 hpi, embryos that reached 
the 8-cell stage were transferred to SOF + 5% FCS and cultured until Day 8 maintaining each experimental 
group separately. (b)  MJEGA: Presumptive zygotes were cultured in SOF + 5% FCS (Control) until 54 hpi. At 54 
hpi, embryos that reached the 8-cell stage were cultured during the major EGA phase (8-cell to 16-cell stage: 
54–96 hpi) in SOF + 5% FCS supplemented or not with Nob5, Nob10 and Nob25, or with 0.03% dimethyl 
sulfoxide  (CDMSO). At 96 hpi, embryos that reached the 16-cell stage were transferred to SOF + 5% FCS and 
cultured until Day 8 maintaining each experimental group separately.
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Twelve and ten replicates for  MNEGA and  MJEGA phases, respectively, were performed under the same assay 
conditions.

Only the experimental groups that showed higher blastocyst yield in this experiment (Nob5 and Nob10) in 
comparison with both control groups (Control and  CDMSO) were used for experiments 2 and 3.

Experiment 2: effect of nobiletin on the quality of in vitro produced blastocysts. To evaluate blastocyst quality of 
embryos produced in vitro with or without nobiletin supplementation during  MNEGA or  MJEGA, a representative 
number of Day 7 blastocysts (n ≈ 30 per group/Experiment 1) were stained with MitoTracker DeepRed, Bodipy 
and Hoescht to evaluate mitochondrial activity (intensity recorded in arbitrary units (a.u)), lipid content (lipid 
droplet area in μm2) and total cell numbers, respectively. Blastocysts were examined using a laser-scanning 
confocal microscope or an epifluorescence microscope and images obtained were evaluated using the ImageJ 
program.

To evaluate if nobiletin induces changes in the expression levels of genes related to embryo development and 
quality, three independent pools of 10 embryos per stage (8-cell, 16-cell, and blastocyst) obtained from each 
experimental group cultured with or without nobiletin during  MNEGA or  MJEGA (Experiment 1), were used for 
gene expression analysis by qRT-PCR according to the procedures described above.

The selected genes have been linked to embryonic development and are essential in cell proliferation, differen-
tiation, and embryo quality, such as PPARG  coactivator 1 alpha (PPARGC1A); Peroxisome Proliferator-Activated 
Receptor Alpha (PPARα); Ribosomal Protein S6 Kinase Beta-1 (RPS6KB1); Cyclin Dependent Kinase 2 (CDK2); 
H3 Histone Family Member 3B (H3‑3B) and H3 Histone Family Member 3A (H3‑3A), including Nuclear Factor 
Erythroid 2-Like 2 (NFE2L2) and Glutathione Peroxidase 1 (GPX1) related with oxidative stress.

Experiment 3: nobiletin effect on the AKT pathway in blastocysts produced in vitro. To assess if nobiletin can 
interact with AKT pathway during in vitro embryo development, Day 7 blastocysts (n = 10 - Experiment 1) from 
each group were stained with p-AKT (Thr308/Ser473) for immunolocalization. To evaluate the phosphorylation 
level of AKT (Thr308 and Ser473), Day 7 blastocyst (n = 60 - Experiment 1) from each group were frozen in  LN2 
for western blot analysis.

Statistical analysis. All statistical tests were performed using the software package SigmaStat (Systat Soft-
ware Inc., San Jose, CA, USA). Cleavage rate, blastocyst yield, mitochondrial activity, lipid content, number of 
cells per blastocyst, relative mRNA abundance levels, and AKT phosphorylation level, were normally distributed 
with homogeneous variance, so one-way analysis of variance (ANOVA) with arcsine data transformation, fol-
lowed by Tukey´s test, was performed to evaluate the significance of differences between groups. The correlation 
analysis for lipid quantification in blastocysts was determined by Pearson’s correlation coefficient test. Values 
were considered significantly different at P < 0.05. Unless otherwise indicated, data are presented as the mean 
± s.e.m.
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