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1. Introduction 

Oocyte maturation is a final step of gamete development that follows a prolonged period of 
cell growth within a growing follicle. Unlike oocyte growth that takes several weeks or 
months, maturation process is a short (hours or days), dynamic process. The period of 
oocyte maturation varies among species, ranging from 10-13 hours in the mouse (Edwards 
& Gates, 1959) to 16-24 hours in the cow (Dominko & First, 1997) and 48 -72 hours in the dog 
(Reynaud et al., 2005, Songsasen & Wildt, 2007). For an oocyte to fully capable of fertilizing 
and developing into an embryo, the gamete needs to undergo nuclear and cytoplasmic 
maturation. Nuclear maturation encompasses events associated with the separation of 
homologous chromosomes during meiosis I and the segregation of sister chromatids during 
meiosis 2 (Albertini & Limback, 2009). Events occur during this process include nuclear 
envelope breakdown, rearrangement of the cortical cytoskeleton and meiotic spindle 
assembly. Cytoplasmic maturation includes events of post-transcriptional and post-
translational processes, including mRNA synthesis, rearrangement of cytoplasmic 
organelles and glutathione production that are essential for successful fertilization and 
subsequent embryonic development (Albertini & Limback, 2009, Watson, 2007). For an 
oocyte to appropriately progress to these dynamic process of nuclear and cytoplasmic 
maturation, it requires enormous energy from various substrates, including glucose, amino 
acids and lipids (Sutton et al., 2003). In addition, tight regulation of reactive oxygen species 
(ROS) and calcium homeostasis are important during this process. This chapter will review 
current knowledge on mammalian oocyte development, the roles of mitochondria on cell 
functions and energy metabolism and its impact on gamete maturation. 

2. Mammalian oocyte development 

The oocyte arises from the primordial germ cells (PGCs) developed during the 
embryogenesis (Edson et al., 2009). Once formed, the PGCs proliferate and migrate to the 
undifferentiated gonad that later becomes the ovary. Within the gonad, PGCs enter mitosis 
with incomplete cytokinesis to form clusters of germ cell nest consisting of oogonia 
connected to each other by intercellular bridges (Tingen et al., 2009), and the syncytia units 
are surrounded by pre-granulosa and stromal mesenchymal cells of the ovary. Oogenesis 
occurs in utero in rodents, ruminants and primates, whereas that of the cat, dog and ferret 
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takes place after birth (Peter & McNatty, 1980). During this process, oogonia within germ 
cell nests transform into the oocytes by, albeit asynchronously, entering the first meiotic 
prophase and being arrested at the late diplotene stage. The interval between the 
appearance of the first and the last oocytes within the ovary varies greatly among species, 
ranging from 2 days in the rat to 5 months in the human (Peter & McNatty, 1980). 

Formation of the primordial follicle begins during the fetal life in the human, monkey, 
horse, cow and pig, but not until during neonatal period in the mouse and rat or later in the 
second or third weeks after birth in cats, dogs, ferrets, rabbits and minks (Peter & McNatty, 
1980). Primordial follicle formation begins with the breakdown of germ cell nest involving 
the degeneration of vast numbers of oocytes and the invasion of pre-granulosa cells into the 
germ cell syncytia (Tingen et al., 2009). The loss of oocytes during germ cell nest breakdown 
is substantial and is believed to be part of quality control processes to ensure that only 
healthy oocytes are enclosed inside primordial follicles (Tingen et al., 2009). It has been 
suggested that genetic defects or the failure of germ cells to produce mitochondria are 
responsible for selective loss of oocytes during the nest breakdown process (Tingen et al., 
2009). The surviving oocytes are individually surrounded by squamous pre-granulosa cells 
and the entire unit is referred to as the primordial follicle (Edson et al., 2009). To date, it has 
been suggested that several factors produced by the oocytes and somatic cells, including 
synaptonemal complex protein, Foxl2, NOBOX, members of Notch signaling pathway and 
transforming growth factor family play roles in germ cell nest breakdown and formation of 
primordial follicles (Tingen et al., 2009). 

Most primordial follicles (90%) leave the resting pool via apoptosis, while the remainders 
are activated by poorly understood mechanisms to enter the growing follicle pool and 
develop into the primary, secondary and antral stage (Gougeon, 2010, Picton, 2001). During 
the early stage of follicle development, the oocyte rapidly increases in size; however, as 
folliculogenesis proceeds, the growth rate significantly decline and the gamete reaches the 
maximum size shortly after antral formation (Griffin et al., 2006, Reynaud et al., 2009, 
Songsasen et al., 2009). During oocyte growth, several organelles including, mitochondria, 
endoplasmic reticulum and golgi complexes become more abundant (Peter & McNatty, 
1980), indicating that energy production and protein synthesis are essential during this 
process. In most mammalian species, the oocyte resumes meiosis in the preovulatory follicle 
shortly before ovulation. However, meiotic resumption occurs after the dog oocyte is 
released from the follicle (Songsasen & Wildt, 2007). At the initiation of meiotic resumption, 
the nucleus of the oocyte migrates from the central position to the periphery of the cell, and 
the nuclear membrane and nucleoli disappear as the chromosomes become condensed. This 
stage is referred to as germinal vesicle breakdown (GVBD). The GVBD oocyte progresses to 
the metaphase I (MI) stage as the chromosomes are firmly attached to the meiotic spindle. 
This stage is followed by the separation of homologous chromosomes; one set remain in the 
secondary oocyte and another set move into a small portion of cytoplasm that is extruded as 
the second polar body. The chromosomes within the secondary oocyte resume metaphase 
configuration (i.e., metaphase II [MII] stage) which remains until fertilization. Completion of 
meiosis occurs after a spermatozoon penetrating the oocyte. During this process, the gamete 
extrudes the secondary polar body. The remaining chromosomes are enclosed in the nuclear 
membrane and forming female pronucleus that later fuses with the male counterpart to 
become the zygote. During its developmental process, the oocyte is coupled to the 
surrounding granulosa cells through trans-zonal processes (Eppig et al., 1996). This intimate 
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physical connection is crucial for follicle and oocyte development as it facilitates bi-
directional communication between the gamete and the somatic cells via gap junction and 
paracrine signaling (Eppig et al., 1996). 

3. Mitochondria are the key organelles regulating cell functions 

The mitochondria are characterized by having double membranes and their own DNA 
(mtDNA) inherited from the maternal origin (Van Blerkom, 2004). These organelles play 
fundamental roles in cell functions, including, providing energy, regulating apoptotic 
pathway and Ca2+ homeostasis (Van Blerkom, 2004, Ramalho-Santos et al., 2009). 
Dysfunction of mitochondria has been linked to several pathologies, such as heart diseases 
(Facecchia et al., 2011; Perrelli, et al. 2011), neurodegenerative (Facecchia et al., 2011) and 
infertility (Ramalho-Santos et al., 2009). The mitochondria provide ATP to cells via oxidative 
phosphorylation. During this process, high energy electrons derived from oxidation are 
carried by NADH + H+ and FADH2 to the inner mitochondrial membrane and transferred 
through cascades of electron transport chain that convert the electrons into ATP (Ramalho-
Santos et al., 2009; Voet & Voet, 2004). 

Mitochondria also participate in apoptotic pathways (Ramalho-Santos et al., 2009). Because 
mitochondria consume ~85% of cell’s oxygen, these organelles are major producers of ROS 
(Ramalho-Santos et al., 2009). Excessive production of ROS can lead to DNA damage 
(especially mtDNA), oxidation of proteins and lipid, as well as release of cytochrome B into 
the extramitochondrial milieu (Ott et al., 2007). The release of cytochrome B into the cytosol 
triggers a series of events leading to proteolytic enzyme activation, including caspase 3, 6 
and 7 that regulate cell death (Ott et al., 2007). Therefore, cells critically depend on the tight 
regulation of mitochondrial redox balance to maintain viability and proper functions. It has 
been shown that glutathione (GSH) and GSH-linked antioxidant enzymes, including Gpx1 
and 4 play important roles in maintaining mitochondrial redox balance (Ott et al., 2007). 
Specifically, these enzymes catalyze the reduction of hydrogen peroxide and lipid peroxide 
(into H2O) with GSH serves as the electron donor. Furthermore, mitochondrial thioredoxin 
has been shown to play roles in maintaining mitochondria protein in their reduce state, that 
in turn counter the reaction of ROS (Ott et al., 2007). 

During folliculogenesis and oogenesis, mitochondria propagate simultaneously with the 
increase in cytoplasmic volume. Pre-migratory PGCs have < 10 mitochondria (Van Blerkom, 
2004). However, the numbers of mitochondria within the germ cells increase 10-fold by the 
time PGCs reach the ovary and additional 2-fold after transformation into the oocyte. 
Primordial follicle oocytes contain 10,000 mitochondria which increase to 100,000 in mature 
gametes (Ramalho-Santos et al., 2009). The increase in number of mitochondria also 
coincides with changes in the distribution of the organelles (Rmalho-Santos et al., 2009). 
Specifically, mitochondria surround the nucleus in the primary follicle. As the follicle 
developing into secondary stage, mitochondria within the oocyte distribute throughout the 
cytoplasm (Peter & McNatty, 1980). In fully grown-germinal vesicle oocyte, the 
mitochondria homogenously distribute throughout the cell with some localization at the 
periphery (Sun et al., 2001). As the oocyte progresses through meiotic maturation, 
mitochondria relocate into the perinuclear region and aggregate into cluster (Yu et al., 2010; 
Van Blerkom et al., 2002; Sturmey et al., 2006); this event coincides with the rise in ATP 
levels (Yu et al., 2010). Therefore, the change in localization of mitochondria during oocyte 
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growth is probably in response to energy demand during a given stage of development 
(Ramalho-Santos et al., 2009). 

The oocyte contains two populations of mitochondria which differ in polarization (i.e., 
electrical and chemical gradient [ΔΨM]); one which is more abundant has low ΔΨM and the 
smaller population is highly polarized (Ramalho-Santos et al., 2009; Acton et al., 2004, Van 
Blerkom et al., 2003). In mouse and human oocytes, highly polarized mitochondria are 
clustered in pericortical cytoplasm probably to (1) maintain sufficient ATP production in the 
sub-plasmalemma region in the preparation for fertilization and (2) play role in Ca2+ 
regulation during oocyte activation (Ramalho-Santos et al., 2009; Van Blerkom et al., 2003; 
Van Blerkom & Davis, 2007). It also has been shown that mitochondrial polarity is 
associated with developmental capacity of the oocyte and embryo (Van Blerkom, 2004; 
Acton et al., 2004; Van Blerkom & Davis, 2007; Fujii & Funahashi, 2009). Specifically, 
mitochondrial membrane potential (MMP) increases as oocytes progress through meiotic 
maturation (Fujii & Funahashi, 2009), and inhibition of MMP rise decreases the ability of the 
gamete to form pronucleus and impairs embryonic development (Fujii & Funahashi, 2009). 

4. Glucose is a key substrate for providing energy during oocyte maturation 

Glucose metabolism is crucial for oocyte maturation and development post-fertilization in 
many mammalian species (Sutton-McDowall et al., 2010; Krisher et al., 2007). In vitro culture 
of oocytes in sub-optimal concentrations of glucose results in delayed meiotic maturation, 
fertilization and embryonic development (Sutton-McDowall et al., 2010; Sato et al., 2007; 
Zheng et al., 2001). Delayed resumption of meiosis in prepubertal cattle oocytes is associated 
with retarded glucose metabolism (Steeves & Gardner, 1999). Furthermore, pharmacological 
stimulation of glucose metabolism enhances the developmental competence of cow (Krisher 
& Bavister, 1999) and pig (Herrick et al., 2006) oocytes in vitro. Finally, it has been shown 
that diabetic mice experience abnormal cellular metabolism, mitochondrial dysfunction and 
meiotic defect (Wang et al., 2010; Colton, et al., 2002). 

Glucose uptake into the oocyte occurs via facilitative glucose transporters (GLUT) in the 
mouse (Purcell & Moley, 2009), cow (Augustin et al., 2001), sheep (Pisani et al., 2008), 
human (Dan Goor et al., 1997) and rhesus monkey (Zheng et al., 2007). But mammalian 
oocytes also have low capacity to utilize this substrate (Sutton-McDowall et al., 2010; Steeves 
& Gardner, 1999; Purcell & Moley, 2009, Brinster, 1971), possibly due to having limited 
amount of a glycolytic enzyme phosphofructokinase (Cetica et al., 2002). Thus, most 
mammalian species appear to rely on cumulus cells that contain an additional GLUT with 
high affinity to this substrate and high phosphofructokinase activity to convert glucose into 
readily utilized substrates (i.e., pyruvate, NADPH; (Sutton-McDowall et al., 2010; Biggers, et 
al., 1967). However, we have recently found that dog oocytes utilize glucose at a much 
higher rate than that of other species (Songsasen et al., 2012). This finding indicates that dog 
gamete may contain additional GLUT or high levels of glycolytic enzyme compared to those 
in other species.  

The cumulus-oocyte complexes (COCs) have been found to metabolize glucose through four 
pathways, including glycolysis, the pentose-phosphate- (PPP), hexoxamine (HBP)- and 
polyol pathways (Sutton-McDowall et al., 2010), with the first two known to affect nuclear 
and cytoplasmic maturation of mouse (Downs, 1995), pig (Herrick et al., 2006; Krisher et al., 
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2007), cow (Krisher et al., 2007; Steeves & Gardner, 1999, Rieger & Loskutoff, 1994) and cat 
(Spindler et al., 2000) oocytes. 

COCs utilize substantial amount of glucose via glycolytic pathway produces energy (ATP), 
pyruvate and lactate. Pyruvate and lactate then enter the oocyte and are metabolized via the 
tricarboxylic pathway (TCA) followed by oxidative phosphorylation within the 
mitochondria that produce substantial amount of ATP essential for oocyte development. 
Glycolytic metabolism has been shown to play key roles in developmental competence of 
cow (Steeves & Gardner, 1999, Rieger & Loskutoff, 1994), cat (Spindler et al., 2000) and pig 
oocytes (Herrick et al., 2006). Specifically, glucose metabolism increases as immature cat 
oocytes progress through meiotic maturation from the GV to MII stage (Spindler et al., 
2000). These same investigators also demonstrated that developmental competence post-
fertilization, including the ability to advance to the blastocyst embryos, directly depended 
on glycolytic rate. 

Although PPP does not generate ATP, this pathway generates NADPH that is essential for 
cytoplasmic integrity and GSH production (Sutton-McDowall et al., 2010; Garcia, et al., 
2010). Furthermore, PPP produces ribose-5-phosphate that is critical for DNA and RNA 
syntheses (Sutton-McDowall et al., 2010; Krisher et al., 2007; Newsholme, et al., 2003). It has 
been shown the mouse oocyte preferentially metabolize glucose via this pathway. 
Stimulation of the PPP in mouse oocytes significantly increases GVBD due to conversion of 
ribose-5 phosphate to phosphoribosyl pyrophosphate that is involved in the production of 
purine nucleotides, important precursors of DNA and RNA synthesis (Downs et al., 1998). 
PPP also plays roles in completion of meiosis after fertilization via production of NADPH 
followed by generation of ROS essential for signaling pathways (Urner & Sakkas, 2005). In 
the pig, PPP plays critical role in resumption of meiosis and transition of GVBD to MII stage 
oocytes (Sato et al., 2007; Herrick et al., 2006; Funahashi et al., 2008). Inhibiting PPP activity 
decreases glycolysis and production of GSH that, in turn compromise oocyte developmental 
potential in this species (Herrick et al.,2006). 

Follicle stimulating hormone (FSH) is the primary regulator of ovarian folliculogenesis 
(Gougeon, 2010). FSH has been shown to support meiotic resumption by promoting glucose 
metabolism in mouse oocyte. Specifically, FSH increases glucose uptake (Roberts et al., 
2004), as well as promotes glycolysis and PPP in the mouse (Downs & Utecht, 1999), and 
augment TCA in the cow (Zuelke & Brackett, 1992). Luteinizing hormone surge (LH) plays 
significant roles in meiotic maturation of mammalian oocytes (Gougeon, 2010; Son et al., 
2011, Hsieh et al., 2011). LH surge causes a significant decline in gap junctions leading to 
dissociation of granulosa cells from the gamete and expansion of the cumulus cells. LH also 
activates its G-protein-coupled receptor on theca and granulosa cells, which in turn leads to 
elevation of intracellular cAMP that subsequently triggers multiple downstream pathways 
regulating meiotic maturation and ovulation (Hsieh et al., 2011, Sun et al., 2009). Finally, LH 
promotes cow oocytes maturation by modifying gamete’s nutritional microenvironment via 
increasing glucose utilization through glycolysis and TCA cycle (Zuelke & Brackett, 1992). 

5. Amino acids influence cell functions 

Amino acids play important roles in cellular functions, as they serve as substrates for 
protein synthesis, energy production, organic osmolytes and intracellular buffer (Sutton et 
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al., 2003; Bae & Foote, 1974). Furthermore, cysteine, proline and glutamine are precursors of 
GSH (Sutton et al., 2003). It has been shown that there are differences in amino acid 
composition within follicular fluid among species. Hystinine, phynylalanine, asparagines 
and glutamate are present in high concentrations in human follicular fluid (Jozwik et al., 
2006; Jimena, et al., 1993). However, glycine, glutamine and alanine are most abundant in 
the cow (Orsi et al., 2005). Finally, glycine, alanine and serine, and glutamine, glycine and 
aspartate are found in high concentration in horses (Engle et al., 1984) and mice (Harris et 
al., 2005), respectively. These apparent differences in follicular amino acids composition 
among species suggest that there are variations in amino acid requirement during oocyte 
maturation among various taxa. 

Amino acid concentrations fluctuate with ovarian follicle development. Specifically, in the 
pig, most amino acids are present in lower concentration in large follicles than in small 
counterparts (Hong & Lee, 2007). This may be attributed to the decrease in the amount of 
specific amino acids following preferred consumption by follicular cells or oocytes during 
follicular development. Culturing pig oocytes in the presence of glutamine, aspargine and 
valine enhances cytoplasmic maturation based on the improvement of monospermic 
fertilization and embryonic development (Hong & Lee, 2007). Furthermore, addition of 
essential amino acids to chemically defined maturation media enhances oocyte maternal 
mRNA synthesis, embryo developmental rates and cell numbers in blastocyst embryos in 
the cow (Watson et al., 2000). 

Mammalian oocytes utilize amino acids via the cumulus cells. Cumulus cells contain high 

concentration of two essential enzymes for amino acid metabolism, alanine 

aminotransferase [ALT] and aspartate aminotransferase [AST] (Cetica, et al., 2003), 

suggesting that the somatic cells supplies the oocyte with amino acid or oxidative substrate. 

Because oocytes also possess ALT and AST activities, albeit lower than cumulus cells, they 

continue to utilize amino acids after being dissociated from the somatic cells during 

maturation (Cetica et al., 2003). 

Glutamine is the most widely studied amino acid among those found in follicular fluid. This 
amino acid is recognized as a key substrate for GSH synthesis, protein translation and 
gluconeogenesis (Bae & Foote 1974; Newsholme et al. 2003). In cattle, glutamine metabolism 
through the TCA cycle increases steadily during oocyte maturation and reaches maximum 
at 18 to 24 of in vitro culture (Steeves & Gardner, 1999; Rieger & Loskutoff, 1994). This 
finding suggests that this amino acid is critical for promoting final nuclear maturation in 
this species (Rieger & Loskutoff, 1994). Addition of glutamine to maturation medium 
increases the number of cow oocytes completing nuclear maturation (Bilodeau-Goeseels, 
2006). However, supplement culture medium with glutamine alone does not improve 
developmental competence of rhesus monkey oocytes (Zheng et al., 2002). Nevertheless, 
combination of glutamine and 20 amino acids enhances nuclear maturation in this species 
(Zheng et al., 2002). It has been shown that glutamine is an effective energy substrate to 
support rabbit oocyte maturation (Bae & Foote, 1974). Our earlier study demonstrates that 
glutamine uptake peaks at about 12 h after the onset of culturing dog oocytes (Songsasen et 
al., 2007), suggesting its role in meiotic resumption in this species. However, addition of 
glutamine to a culture medium does not improve nuclear maturation rate, suggesting that 
this amino acid plays role in cytoplasmic maturation in the dog (Songsasen et al., 2007). In 
the mouse, the use of glutamine as a sole energy source (i.e., without carbohydrate 
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supplementation) is sufficient to initiate meiotic resumption, but not enough to support the 
transition of GVBD to MII oocytes (Downs & Hudson, 2000). Gonadotropins have been 
shown to promote glutamine metabolism. Specifically, in the presence of FSH, glutamine 
promotes nuclear maturation of hamster oocytes (Kito & Bavister, 1997). LH stimulates 

cumulus cells to convert glutamine to α-ketoglutarate, which is then oxidized through TCA 
cycle to generate ATP (Zuelke & Brackett, 1993). 

6. Lipids are important endogenous energy source during oocyte maturation 

Intracellular lipids play essential roles in oocyte development (Sturmey et al., 2009, 2006; 
Sturmey & Leese, 2003; Ferguson & Leese, 2006). Lipids serve as reservoir of endogenous 
energy source, substrates for water production during blastocoel development and 
precursors of second messengers modulating cell functions and purine synthesis (McEvoy et 
al., 2000). Furthermore, membrane bound phospholipids regulate various cell functions 
associated with calcium flux (e.g., cortical granule exocytosis and fertilization (McEvoy et 
al., 2000). 

Mammalian oocytes contain an endogenous lipid reserve that varies in quantity among 
species (ranging from 4 ng total lipid per oocyte (Loewenstein & Cohen, 1964) in the mouse 
to 63 ng (McEvoy et al., 2000) in the cow to 161 ng the pig (Sturmey & Leese, 2003; McEvoy 
et al., 2000). Triglyceride is the main lipid found in mammalian oocytes (range for 30% in 
sheep to 60% of total lipid in pig) (Sturmey & Leese, 2003; Sturmey et al., 2009; Ferguson & 
Leese, 1999). It has been shown that triglyceride stores decrease as cows (Leese & Ferguson, 
1999) and pigs (Sturmey & Leese, 2003) oocytes progress through meiotic maturation, and 
this process is coincides with increased lipolysis (Cetica et al., 2002). These findings indicate 
that triglyceride provides a rich energy supply for oocyte maturation (Cetica et al., 2002) and 
sustaining pre-implantation embryo growth (Sturmey et al., 2006, Ferguson & Leese, 2006). 
Sturmey et al. (2006) utilized the fluorescence resonance energy transfer technology to 
examine the relationship between mitochondria and cytoplasmic lipid droplets during pig 
oocyte maturation and reported that the two organelles co-localize in a molecular level and 
form ‘metabolic units’ at the periphery of the gamete. There are evidence indicating that free 
fatty acids cleaved from triglyceride molecules stored in lipid droplets can be directly 
transported across the mitochondrial membrane and oxidized via β-oxidation that results in 
the production of acetyl CoA, a substrate for the TCA cycle (Sturmey et al., 2006; Dunning et 
al., 2010). Culturing pig and cow oocytes (Ferguson & Leese, 2006) in the presence of an 
inhibitor of carnitine palmitoyl transferase, the enzyme responsible for the transport of free 
fatty acids into the mitochondrial matrix compromises embryo development post-
fertilization (Sturmey et al., 2006). Enhancing lipid metabolism and mitochondrial activity 
by addition of L-carnitine to culture medium decreases ROS levels, as well as improves MII 
and cleavage rates (Somfai et al., 2011), although the treatment does not impact blastocyst 
formation. In the mouse, β-oxidation is significantly up-regulated during both in vivo and in 

vitro oocyte maturation (Dunning et al., 2010). Inhibition of β-oxidation compromises 
meiotic resumption (Downs et al., 2009) and impairs embryonic development formation 
following fertilization (Dunning et al., 2010), suggesting that lipid metabolism plays 
essential roles in both nuclear and cytoplasmic maturation in the mouse. Furthermore, 
enhancing β-oxidation by supplement L-carnitine to the culture medium during in vitro 
follicle culture and in vitro maturation significantly improves mouse oocyte developmental 
competence (Dunning et al., 2011, 2010). 
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7. Species specificity in preferentially differences in energy substrate 

To date, studies have revealed that there are species-specific energy requirement for oocyte 
maturation. Mouse oocytes require exogenous energy substrate (especially pyruvate) to 
complete nuclear maturation (Downs & Hudson, 2000) probably due to the limited amount 
of intracellular lipid (Loewenstein & Cohen, 1964). Mouse oocytes cultured in the absence of 
glucose and pyruvate fail to progress to the MII stage (Downs & Hudson, 2000). In contrast, 
cow oocytes which contain 20 fold of total lipid mass compared to the mouse are able to 
complete nuclear maturation in the absence of exogenous energy substrates (Sturmey et al., 
2009). Furthermore, inhibition of triglyceride metabolism compromises nuclear maturation 
in this species (Ferguson & Leese, 2006). 

Mouse (Sturmey et al., 2009; Downs et al., 2002; Downs & Mastropolo, 1994; Biggers et al., 
1967), cow (Steeves & Gardner, 1999) and cat oocytes (Spindler et al., 2000) appear to prefer 
pyruvate to glucose as an energy source. Pyruvate supports maturation, maintains viability 
and promotes cleavage of the fertilized oocyte in the absence of cumulus cells (Downs et al., 
2002; Downs & Mastropolo, 1994; Biggers et al., 1967). The metabolism of pyruvate is related 
to the stage of meiosis, with arrested oocytes (GV or MII) metabolizing less pyruvate than 
oocytes progressing through meiosis (Downs et al., 2002). Cow oocytes utilize pyruvate 
produced by the cumulus cell via glycolysis (Cetica et al., 2002). Furthermore, cow oocytes 
have more G6PDH than phosphofructokinase, suggesting that the gamete preferentially 
metabolize glucose via PPP pathway rather than glycolysis (Cetica et al., 2002). 

Pig and dog oocytes utilize glucose as their primary energy substrate (Krisher et al., 2007; 
Songsasen & Wildt, 2007). Recent study has shown that lipid metabolism plays significant 
roles in oocyte maturation in the pig (Sturmey & Leese, 2003). This is not surprising since 
pig oocytes contain a substantial amount of triglyceride compared to other species (Sturmey 
& Leese, 2003). To date, there is no information on roles of intracellular lipid in dog oocyte 
development. 

8. Summary and future perspectives 

Energy metabolism is critical for oocyte maturation. Development of appropriate systems 
for in vitro oocyte maturation requires a great understanding of factors, including energy 
metabolism involved in the acquisition of oocyte developmental competence during 
folliculogenesis and during the maturation period. To date, studies have been focused on 
the impact of exogenous substrates, especially glucose and pyruvate on meiotic and 
cytoplasmic maturation. Very little attention has been centered on roles of intracellular lipid 
in oocyte development. Fatty acids are several-fold more energy rich than glucose. For 
example, 130 mols of ATP result from the oxidation of one mol of palmitic acid (C16:0), as 
compared to 38 mols of ATP from one mol of glucose. Thus, energy-dense lipids have 
potential ability to support and promote oocyte maturation and embryo development. 
Indeed, there has been increasing evidence that enhancing mitochondrial activity and β-
oxidation lipid plays important role improve oocyte developmental competence in the 
mouse, a species that have small amount of intracellular lipids (Dunning et al., 2010). 
Furthermore, increase β-oxidation during in vitro folliculogenesis has been shown to 
promote mouse oocyte developmental competence (Dunning et al., 2011). Therefore, further 
research is needed to understand how the oocyte and early embryo utilize lipid substrates 
for energy production and whether this form of metabolism is developmentally beneficial. 
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Certainly, there are species-specificities in oocyte metabolism. An in vitro condition 
developed for oocytes of a certain species cannot be directly applied to another. Thus, one of 
future research priorities should be advance our understanding about oocyte metabolic 
requirement for understudied species, especially carnivores. At last, current and future 
development of in vitro culture conditions for mammalian oocytes will certainly benefit 
from comparative studies conducted in different animal species. 
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