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Abstract 13 

Oocyte intracellular lipids are mainly stored in lipid droplets (LD) in order to 14 

provide energy for growth and development, but they are also important 15 

signalling molecules involved in the regulatory mechanisms of maturation and 16 

thence in oocyte quality. Recent studies show that LD are highly dynamic 17 

organelles changing their shape, volume and location within the ooplasm as 18 

well as their association to other organelles during the maturation process. 19 

However, high amounts of LD have been correlated with impaired oocyte 20 

developmental competence and oocyte/ embryo cryosurvival. This review 21 

presents a brief morphological and functional characterization of cumulus-22 

oocyte complexes, the functional and dynamic unit playing a pivotal role in ART 23 

outcomes. Particular attention is given to the lipid-rich porcine oocyte, here 24 

rendered as an excellent model to understand the role of lipids and fatty acid 25 
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metabolism during maturation and their implications on subsequent embryo 26 

development. Moreover the possibility of applying substances capable of 27 

modulating oocyte nuclear and cytoplasmic maturation, specifically oocyte or 28 

embryo lipid content and metabolism to improve ART success is further 29 

discussed. In addition, these principles might be applied in germplasm and 30 

embryo cryopreservation, in livestock production or in biomedical research.  31 

 32 

Keywords: oocyte, lipid droplets, assisted reproduction technologies, 33 

maturation, quality. 34 

 35 

Implications 36 

The effects of lipid modulators in ART are not clearly understood. High amounts 37 

of lipid droplets have been correlated with impaired oocyte/embryo 38 

developmental competence and cryosurvival. However, this large repository of 39 

endogenous lipids is vital for their energy production. Lipids are also important 40 

to form membranes or as intracellular messengers. Although modifications of 41 

intracellular lipids by chemical stimulation can improve oocyte or embryo quality 42 

and cryopreservation, some of the mechanisms by which lipolytic substances 43 

interfere with lipid metabolism may affect the metabolic via regulating their 44 

developmental potential. This review contributes to a better understanding of 45 

this intricate issue with repercussions in livestock production and biomedical 46 

research. 47 

 48 

Introduction 49 
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Oocyte quality is a key limiting factor in female fertility (Gilchrist et al., 2008; 50 

Wang and Sun, 2007). The ovarian follicular microenvironment and maternal 51 

signals, mediated primarily through granulosa cells and cumulus cells (CC), are 52 

responsible for nurturing oocyte growth and its gradual acquisition of 53 

developmental competence (Gilchrist et al., 2008). In vitro maturation (IVM) of 54 

oocytes can generate mature oocytes which are capable of supporting 55 

preimplantation embryo development and full development to term (Gilchrist 56 

and Thompson, 2007). In livestock production, IVM oocytes can provide a large 57 

population of female germ cells (Hirao et al., 1994) that can be useful in 58 

breeding programmes and animal genetic cryo-conservation. However, the high 59 

intracellular lipid content of oocytes and embryos has been reported to impair 60 

cryopreservation, with particular relevance in porcine species (Seidel, 2006, 61 

Pereira and Marques, 2008). Different strategies can be used to manipulate 62 

oocyte or embryo lipid contents. Nevertheless, a role for lipids in energy 63 

production during preimplantation development as well as precursors in 64 

steroidogenic and eicosanoid pathways has been referred (Sturmey and Leese, 65 

2003; Nuttinck et al., 2008; Lapa et al., 2011), suggesting that modifications in 66 

oocyte intracellular lipids should be carefully estimated. The high intracellular 67 

lipid content of porcine oocytes (Prates et al., 2012a, b) renders them  an 68 

excellent model to understand the role of lipids and fatty acid metabolism during 69 

maturation and their implications on the decline of female fertility due to age and 70 

obesity (Ford and Tavendale, 2009; Purcell and Moley, 2011). Furthermore, 71 

mechanisms by which nuclear and cytoplasmic maturation can be synchronised 72 

might be related to metabolic pathways that are also involved in the mobilization 73 

of intracellular lipid reserves in the oocyte. This review will discuss current 74 
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knowledge of mechanisms regulating oocyte quality during maturation and 75 

highlight recent advances in modifying oocyte lipid metabolism and content to 76 

improve assisted reproduction technology (ART) outcome. 77 

 78 

Morphological and functional characterization of cumulus-oocyte 79 

complexes  80 

 81 

The cumulus-oocyte complex (COC) is composed of the feminine gamete and 82 

the surrounding CC (Figure 1) and is of primordial importance to the outcomes 83 

of ART. This complex forms a complete functional and dynamic unit playing a 84 

pivotal role in oocyte metabolism during maturation. Moreover the bidirectional 85 

exchanges between oocyte and contiguous CC are important for oocyte 86 

competence acquisition, CC expansion and early embryonic development 87 

(Sutton et al., 2003, Gilchrist and Thompson, 2007, Ouandaogo et al., 2011). 88 

The oocyte maturation process comprises two aspects, nuclear and 89 

cytoplasmic, both essential for normal fertilization and embryonic development, 90 

thus being highly coordinated (Hunter, 2000).  91 

 92 

COC maturation  93 

 94 

Oocyte nuclear maturation. 95 

Oocyte competence to complete nuclear maturation is acquired at least in two 96 

steps: firstly, oocytes are able to reinitiate meiosis (Figure 2A), undergo 97 

germinal vesicle breakdown (GVBD) and progress to metaphase I; secondly, 98 

oocytes are competent to advance beyond metaphase I, enter anaphase and 99 
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proceed to metaphase II (MII) (Eppig, 1996). At the end of the maturation 100 

period, the meiotic spindle and chromosomal rearrangement at MII as well as 101 

the first polar body can be observed (Figure 2B). The location and length of 102 

meiotic spindle are crucial to assure an accurate chromosomal alignment and 103 

segregation during meiosis (Xia et al., 1997; Wang and Sun, 2007).  104 

The oocyte has the largest diameter of any cell in female mammals (Ambruosi 105 

et al., 2009). Oocyte diameter and area measurements are often used to predict 106 

oocyte meiotic competence or maturity (Griffin et al., 2006; Prates et al., 2008). 107 

In vivo, oocytes reach their maturity within the antral stage of follicular 108 

development presenting different diameters according to species (mouse, 109 

hamster, pig and human) (Griffin et al., 2006). In porcine, full meiotic 110 

competence of the oocyte is reached in ovarian follicles with a diameter of 3 111 

mm or more (Sun and Nagai, 2003). In vitro, porcine oocytes under 90 μm in 112 

diameter are unable to resume meiosis, while oocytes measuring 110-115 μm 113 

can complete the first meiotic division and acquire MII (Sun and Nagai, 2003; 114 

Prates et al., 2012a). Concurrently, the oocyte grows and its area may be an 115 

indicator of cytoplasmic maturation (Prates et al., 2012a). Furthermore, the size 116 

of periviteline space or thickness of zona pellucida are also related to the 117 

developmental competence of the oocyte for fertilization (Xia, 1997; Wang and 118 

Sun, 2007).  119 

 120 

Oocyte cytoplasmic maturation. 121 

Oocytes are complex cells comprising many organelles and compounds (Wang 122 

and Sun, 2007). The large repository of endogenous lipids as an energy source 123 

for oocyte and embryo development is mainly stored in the form of an organelle, 124 
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the lipid droplet (LD) (McEvoy et al., 2000; Romeck et al, 2010). LD is 125 

composed of a core of neutral lipids enveloped by a phospholipid monolayer 126 

containing a wide variety of proteins that can be embedded in both the 127 

phospholipid monolayer and within the core (Walther and Farese, 2009). The 128 

function of these cellular proteins in LD fractions is currently being studied. For 129 

instance, perilipins that are located at the LD surface in adipocytes, but also in 130 

steroidogenic tissues, were referred as having regulatory functions and as being 131 

involved in LD lipolysis (Holm, 2003). These particular organelles can be formed 132 

de novo, when cells are kept under delipidated conditions and re-fed with free 133 

fatty acid (FA) or grow through a coalescence process of existing droplets, 134 

mediated by SNARE proteins (Thiele and Spandl, 2008). However, regardless 135 

of LD origin, they are highly dynamic, constantly changing shape, volume and 136 

location (Watanabe et al., 2010). In particular, the porcine oocyte has been 137 

identified as one of the most lipid-rich oocytes among domestic animals 138 

(McEvoy et al., 2000), in which the cytoplasm is filled with LD. During IVM, a 139 

considerable variation in LD areas, from 0.3 μm2 to about 90 μm2 (Figure  3), 140 

was identified through maturation progression (Prates et al., 2012a).  141 

Lipid droplets can be found in association with other organelles linked to cellular 142 

metabolism such as mitochondrias, endoplasmic reticulum (ER), endossomes, 143 

peroximes and cytoskeleton (Sturmey et al., 2006; Thiele and Spandl, 2008; 144 

Walther and Farese, 2008; Ambruosi et al., 2009). During oocyte maturation, 145 

the activity and organization of LD-mitochondria are particularly relevant, since 146 

oxidative phosphorylation is the main pathway to supply ATP for cellular 147 

activities (Sturmey and Leese, 2003; Wang and Sun, 2007). In mature porcine 148 

oocytes two distribution patterns were identified for both, LD and mitochondria: 149 
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an even or homogenous distribution through the ooplasm and an uneven or 150 

heterogeneous allocation. The first distribution is more frequently observed (Cui 151 

et al., 2009). Moreover, the evidence of regions of „co-localization‟ between LD 152 

and mitochondria and their relocalization during IVM of porcine oocytes was 153 

shown to be linked to intracellular oxygen gradients. Hence, Sturmey et al. 154 

(2006) observed that the peripheral mitochondrial clustering in porcine oocytes 155 

was correlated to higher oxygen availability in this region. In oocytes from other 156 

species, such as the equine, the aggregation of LD, which was related to 157 

nuclear maturation and cumulus expansion was also observed (Ambruosi et al., 158 

2009). Moreover, the morphological changes observed in LD during oocyte 159 

maturation may reflect changes in the nature of  lipids being stored in those 160 

droplets (Silva et al., 2011) but can also be a sign of abnormal maturation 161 

(Prates et al., 2012a) 162 

In spite of several efforts, oocyte cytoplasmic maturation remains a key limiting 163 

step for ART. The reasons why fully grown oocytes are not capable of 164 

becoming viable embryos are still elusive, but incomplete cytoplasmic 165 

maturation and/or asynchrony between nuclear and cytoplasmic maturation are 166 

certainly among those critically responsible. 167 

 168 

The surrounding investment of cumulus cells.  169 

The simultaneous expansion of compact layers of CC surrounding the oocyte 170 

and deposition of mucoelastic material in the extracellular matrix is implicated in 171 

supporting of both nuclear maturation to the MII stage and cytoplasmic 172 

maturation (Gilchrist and Thompson, 2007; Ambruosi et al., 2009; Cui et al., 173 

2009). Moreover, the communication between the oocyte and its surrounding 174 
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cells is essential for normal acquisition of oocyte developmental competence. 175 

However fully grown oocyte in vivo is associated with the loss of COC gap 176 

junctional communication (Thomas et al., 2004).  177 

During porcine oocyte IVM, CC interfered with ooplasmic LD-mitochondria 178 

distributions, in which LD distribution in oocytes was more sensitive to CC 179 

absence than mitochondria (Cui et al., 2009), thus influencing oocyte 180 

morphological appearance. The presence of CC during IVM was also found to 181 

be effective in regulating the synthesis and concentration of important 182 

cytoplasmic factors such as glutathione (GSH) and Ca2+ (Hao et al., 2007). 183 

Denuded mature porcine oocytes present differences in Ca2+ homeostasis 184 

regarding those matured with CC. Indeed, the duration of Ca2+ rise was higher, 185 

although its amplitude was lower when compared to oocytes matured in the 186 

presence of CC: COC or CC added to culture medium (Cui et al., 2009).  187 

Concomitantly with oocyte nuclear maturation, CC underwent a molecular 188 

maturation process. Moreover, oocytes actively control the COC 189 

microenvironment via oocyte-secreted factors that regulate fundamental 190 

aspects of CC function. In turn, the CC gene expression profile varies according 191 

to the stages of oocyte maturation and can be useful as predictors of oocyte 192 

quality (Gilchrist and Thompson, 2007, Ouandaogo et al., 2011). The beneficial 193 

effect of CC during oocyte growth to stimulate competence acquisition to further 194 

support embryonic development is therefore unequivocal. 195 

 196 

Molecular mechanisms underlying oocyte maturation 197 

 198 

The role of cAMP, PKA and PKC in meiotic progression. 199 
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The maturation of an oocyte is a multi-pathway process that includes the 200 

involvement of several mediator factors (Hurk and Zhao 2005). A critical 201 

signalling compound is the gonadotropin second messenger, cyclic AMP 202 

(cAMP), which is synthesized in the oocyte and in adjacent CC through the 203 

activation of the constitutively expressed transmembrane G-protein-coupled 204 

receptor (Racowsky, 1985; Hurk and Zhao, 2005; Marei et al., 2009). The newly 205 

synthesized cAMP stimulates the cAMP dependent protein kinase (PKA), which 206 

type I mediates the inhibitory action on oocyte GVBD, while type II regulates the 207 

meiosis-inducing pulse of cAMP occurring within CC following hormonal 208 

stimulation (Downs et al., 2002). Simultaneously to PKA stimulation, protein 209 

kinase C (PKC) can also be activated, delaying meiotic progression and 210 

enhancing cytoplasmic maturation in porcine and bovine oocytes (Sun and 211 

Nagai, 2003; Ali and Sirard, 2005). PKC also participates in cortical granules 212 

exocytosis during the fertilization process (Wu et al., 2010). 213 

The regulation of cAMP level in the maturating oocyte transiently delays nuclear 214 

progression (Racowky, 1985; Xia et al., 2000), thus allowing simultaneous 215 

cytoplasm enrichment in nutritive substances to support embryonic 216 

development. Furthermore, the activity of AMP-phosphodiesterase (PDE) within 217 

oocytes hydrolyses cAMP to AMP, inactivating PKA protein, which in turn 218 

provides a positive stimulus for oocyte nuclear maturation inducing GVBD 219 

(Downs et al., 2002) and maturation progression. 220 

 221 

Implications of mitogen-activated protein kinase (MAPK) and maturation 222 

promoting factor (MPF) on nuclear maturation. 223 
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Other important regulators of oocyte meiosis are MAPK and MPF (Sun and 224 

Nagai, 2003). The MAPK pathway is activated by AMP that is synthesized from 225 

cAMP or enters the oocyte from the exterior (Downs et al., 2002). The MAPK 226 

can be activated by growth factors or by gonadotropin stimuli in CC to induce 227 

GVBD. This is observed in the porcine species, for which sites of activation can 228 

be located both in the GV or in the cytoplasm (Seger and Krebs, 1995; Downs 229 

et al., 2002; Sun and Nagai, 2003; Hurk and Zhao, 2005). Two isoforms of 230 

MAPK proteins were identified (ERK1 and 2) as being involved in the regulation 231 

of cell cycle and microtubule dynamics during metaphase organization. Their 232 

activity enhances in G1 through S and G2/M phases (Seger and Krebs, 1995; 233 

Marei et al, 2009). Furthermore, MAPK is implicated: in retaining MII arrest, in 234 

regulating PDE action on cAMP degradation and in the maintenance of MPF 235 

activity (Downs et al., 2002; Hurk and Zhao, 2005). 236 

The MPF is activated by cyclins and cyclin-dependent kinases following LH-237 

surge. In the absence of the inhibitory influence of cAMP, MPF stimulates the 238 

oocyte to enter the M-phase and precede GVBD (Hurk and Zhao, 2005), thus 239 

being implicated in chromatin condensation, cytoskeletal reorganization, spindle 240 

formation and plasma membrane disassembly (Sun and Nagai, 2003). This 241 

complex protein is composed of cyclin B, the regulatory subunit, and p34cdc2 242 

kinase, the catalytic subunit. The activity of MPF is regulated by cyclin B binding 243 

to Cdc2, and by phosphorylation of threonine 161, dephosphorylation of 244 

tyrosine 15 and threonine 14 (Hurk and Zhao, 2005, Zhang et al., 2010). During 245 

porcine oocyte maturation, this activity appears initially at GVBD, reaches a 246 

high level at metaphase I and disappears transiently at the time of first polar 247 

body emission. Then, MPF activity reappears at MII and remains at an elevated 248 
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level until fertilization (Dekel, 1995). Recent reports showed that the oscillatory 249 

activity of MPF during oocyte maturation depends on post-transcriptional 250 

regulation of cyclin B1 by cytoplasmic polyadenylation (Zhang et al., 2010). 251 

Moreover, a decreased expression of maternal cyclin B1 and Cdc2 was 252 

identified at mRNA or protein level in developmentally incompetent oocytes. 253 

 254 

GSH, ATP and Ca2+ during cytoplasmic maturation. 255 

In maturating oocyte cytoplasm, GSH is one of the most important factors 256 

synthesized, since it participates in the regulation of protein and DNA synthesis, 257 

in microtubule assembly, protection against oxidative damage and sperm 258 

nuclear decondensation and male pronuclear formation following fertilization 259 

(Hao et al., 2007). GSH can be formed from precursor amino acids added 260 

during IVM, such as cysteine (Cui et al., 2009) and cysteamine (Sutton et al., 261 

2003). 262 

Simultaneously to GSH utilization, alterations in ATP and Ca2+ levels have been 263 

related to developmental competence of porcine oocytes. The inhibition of GSH 264 

synthesis was shown to induce a decrease in the duration and amplitude of 265 

intracellular free Ca2+ rise as well as ATP depletion (Cui et al., 2009). These 266 

alterations in intracellular Ca2+ stores are crucial in the regulation of oocyte 267 

capacity to undergo activation. Intracellular Ca2+ release is highly increased 268 

during the progression of nuclear maturation. In fact, the Ca2+ signal is required 269 

for full activation of MPF. This activation stimulates the oocyte to enter the M-270 

phase, thus overriding the negative effect of cAMP (Krisher, 2004; Hurk and 271 

Zhao, 2005). Repetitive Ca2+ transients are further generated during fertilization 272 
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to stimulate the emission of cortical granules released from smooth-membrane 273 

vesicles (Eppig, 1996; Kim et al., 1997; Krisher, 2004).  274 

 275 

The role of lipids during oocyte maturation and initial embryo development. 276 

Lipids are essential cellular compounds that play an important role as an energy 277 

source that is vital for proper mammalian oocyte maturation and succeeding 278 

embryo development (Romek et al., 2009). The most abundant intracellular 279 

lipids stored within porcine oocytes are triacylglycerols, representing 280 

approximately 46% (w/w) of total FA in the oocyte (Homa et al., 1986, McEvoy 281 

et al., 2000). These can be utilized in mitochondrial β-oxidation to produce 282 

energy during oocyte maturation (Sturmey and Leese, 2003, Sturmey et al., 283 

2006). Furthermore, the enrichment in phospholipids and cholesterol during 284 

oocyte maturation is crucial to form membranes during rapid cell divisions after 285 

oocyte fertilization (McEvoy et al., 2000).  286 

Second messengers reflect other phospholipid roles in cell function and, 287 

thereby, in oocyte maturation and embryo development. In porcine oocytes, 288 

phosphatidylinositol represents 6% of total phospholipids, being rich in 289 

arachidonic (20:4n-6) and stearic (18:0) acids and also in palmitic acid (16:0) 290 

(Homa et al., 1986). Hydrolysis of this membrane phospholipid yields two 291 

second messengers, inositol 1,4,5-trisphosphate (IP3) and diacylglycerol. IP3 292 

and its derivative (IP4) increase Ca2+ concentrations, while diacylglycerol 293 

stimulates PKC (McEvoy et al., 2000, Wu et al., 2006). The importance of Ca2+ 294 

and PKC in oocyte maturation and fertilization processes is already described 295 

above. Plasmalogens are another class of phospholipids identified in oocyte 296 

membranes (Homa et al., 1986, Prates et al., 2012b). Their composition differs 297 
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according to the oocyte maturation stage (immature and mature). Although 298 

reference was made to plasmalogens controlling the dynamics of cellular 299 

membranes (Nagan and Zoeller, 2001), their function during oocyte maturation 300 

and embryo development remains unknown. 301 

Analysis of FA composition of porcine oocytes during maturation showed that 302 

16:0, followed by oleic (18:1 c9), 18:0 were the most abundant FA registered in 303 

immature and mature oocytes, followed by n-6 polyunsaturated fatty acids 304 

(PUFA), specifically linoleic (18:2n-6) and 20:4n-6, which may indicate that 305 

oocytes are capable of  synthesizing prostaglandins (PG) and leukotrienes 306 

(Homa et al., 1986; McEvoy et al., 2000; Prates et al., 2012b). Prostaglandins, 307 

namely PGE2 can be critical mediators of CC expansion and of oocyte meiosis 308 

resumption and progression (Marques et al., 1997, Nuttinck et al., 2008).  309 

Moreover, FA profile of oocytes can change due to culture media or dietary lipid 310 

supplementation and differences in oocyte FA composition were related to 311 

oocyte developmental competence (Lapa et al., 2011, Warzych et al., 2011). 312 

Although the role of lipids during oocyte maturation and initial embryo 313 

development are currently under research, their primordial importance in female 314 

gamete quality is unequivocal. 315 

 316 

Oocyte quality and recent evaluation techniques  317 

 318 

The use of morphological characteristics and metabolic predictors involved in 319 

COC maturation can provide valuable information for the preselection of high-320 

quality oocytes to maximize embryonic developmental outcomes (Wang and 321 

Sun, 2007). The huge number of LD as well as their distribution and association 322 
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to other organelles in the cytoplasm, eventually other cytoplasmic pigments, are 323 

responsible for the dark colour tone that characterizes the oocyte of some 324 

mammalian species, namely the porcine, bovine, equine or the minke whale 325 

(Fujihira et al., 2004; Genicot et al., 2005; Sturmey et al., 2006; Ambruosi et al., 326 

2009). In addition, Cui et al. (2009) showed that the bright gray and uniform 327 

ooplasm in association with an intact plasma membrane were markers of better 328 

quality in porcine oocytes. During ageing of oocytes, mitochondrial distribution 329 

changed from diffuse to aggregate (Hao et al., 2007). Additionally, these 330 

authors referred that the shape of mitochondria changed from spherical to 331 

elongated and that LD became solidified concomitantly to modifications in 332 

oocyte homeostasis, namely in ATP content, Ca2+ rise and amplitude. These 333 

aged oocytes presented a dark colour and irregular ooplasm. Thus, these 334 

morphological characteristics can be used to predict oocyte quality. However, 335 

oocytes from different species may present different degrees of cytoplasmic 336 

transparency. Although a dark granulated ooplasm is a normal characteristic in 337 

the pig, is not so in humans, where dark colour and cytoplasmic inclusions are 338 

related to low oocyte quality and fertility failure (Xia, 1997; Wang and Sun, 339 

2007). 340 

The different amounts of emitted fluorescent light in bovine, porcine and murine 341 

oocytes were correlated with the lipid contents in these species (Genicot et al., 342 

2005). Therefore, these microscopic techniques could be used to compare lipid 343 

contents of oocytes from different donors, sized follicles or cultured conditions. 344 

On the other hand, the gray mean value within the oocyte fat area was 345 

suggested as being another appropriate tool to evaluate the lipid content of a 346 

single porcine oocyte (Prates et al., 2012a). This can be a useful non invasive 347 
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technique, that upon record of oocyte morphology allows for its posterior use, 348 

namely for cryopreservation or fertilization. The possibility of posterior use is 349 

very important in humans or endangered species due to the limited number of 350 

available oocytes. 351 

Other criteria besides morphological characterization, such as metabolic 352 

markers may be useful to evaluate oocyte quality and fertilization potential 353 

(Sturmey and Leese, 2003). In vitro, oocyte competence can be assessed by 354 

the brilliant cresyl blue, a dye that can be reduced by the glucose-6-phosphate, 355 

which is an enzyme that is characteristic of full grown and more competent 356 

oocytes (Antosik et al., 2010; Warzych et al., 2011). This test has been used in 357 

the porcine species to evaluate oocyte quality after modifications were made to 358 

maternal diet and thus in the FA profile of follicular fluid (Warzych et al., 2011). 359 

Interestingly, the FA profile in women changes in early mid-life and these 360 

changes have been implicated in the decline of fertility that commences before 361 

age 35 (Ford and Tavendal, 2009). Furthermore, the evaluation of other 362 

enzyme function, such as delta-9 and delta-5 desaturase, genetic expression 363 

monitorization by real-time PCR or gas chromatography analysis are among 364 

several other techniques that can be used to complete the information about 365 

oocyte quality that seems to be closely related to its lipid composition (Ford and 366 

Tavendal, 2009; Ouandaogo et al., 2011; Warzych et al., 2011, Prates et al., 367 

2012a, b).  368 

 369 

The manipulation of meiotic and cytoplasmic maturation  370 

 371 

Meiotic inhibitors 372 
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 373 

In order to improve developmental outcomes of oocytes known to prematurely 374 

undergo nuclear maturation, pharmacological tools that elevate intracellular 375 

cAMP levels and transiently delay spontaneous GVBD, are frequently used 376 

(Laforest et al., 2005; Gilchrist and Thompson, 2007; Weng et al., 2007). These 377 

meiotic inhibitors are cAMP analogues, such as dibutyryl cAMP, adenylate 378 

cyclase activators like FSH and forskolin, PDE inhibitors as the non-specific 379 

inhibitor IBMX, the PDE type 4-specific inhibitor rolipram or the PDE type 3-380 

specific inhibitors milrinone, cilostamide or Org9935 (Laforest et al., 2005; 381 

Gilchrist and Thompson, 2007). Their dose and effects are species dependent. 382 

For example, when compared to other species, porcine oocytes exhibit 383 

relatively high sensitivity to forskolin elevating cAMP levels (Racowsky, 1985). 384 

On the other hand, inhibitors of p34cdcc2/cyclin B kinase such as roscovitine, 385 

can also be used to delay nuclear maturation and thus promoting porcine 386 

oocyte competence acquisition (Coy et al., 2005) 387 

 388 

Mechanisms of action of meiotic inhibitors.  389 

The utilization of meiotic modulators (alone or simultaneously) has proven to 390 

induce an effective delay in GVBD and simultaneously an extension in oocyte-391 

CC gap-junctional  communication during the meiotic resumption phase, 392 

allowing for continued mRNA and protein accumulation within the ooplasm (Xia 393 

et al., 2000; Laforest et al., 2005; Gilchrist and Thompson, 2007). Different 394 

incubation times using the meiotic inhibiting agent are possible, after which the 395 

inhibitor is removed and the maturation process proceeds. Forskolin is a 396 

adenylate cyclase activator that also has lipolytic properties, interfering with LD 397 
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morphology and thus with oocyte cytoplasmic maturation (Fu et al., 2011; 398 

Prates et al., 2012a). In fact, the meiosis progression of porcine oocytes 399 

cultured with 10 µM of forskolin during half or the entire period of IVM was 400 

inhibited. Moreover their cytoplasmic morphology resembled that of oocytes in 401 

the immature stage, without the redistribution of LD (fat area) characteristic of 402 

mature ones (Prates et al., 2012a). Nevertheless, by decreasing 403 

supplementation time to the initial 2 h, oocyte meiotic competence was not 404 

affected, although forskolin still interfered with organelles dynamics and thus 405 

with cytoplasmic maturation.  406 

 407 

Synchronization of nuclear and cytoplasmic maturation by meiotic inhibitors.  408 

Asynchronous or incomplete oocyte maturation has been indicated as a 409 

common phenomenon in the porcine species that can predispose oocytes to 410 

multiple sperm penetration through the zona pellucida into the cytoplasm before 411 

the block to polyspermy (Hunter, 1990; Grupen et al., 1997; Laforest et al., 412 

2005). Moreover, in vitro culture conditions during fertilization can be a cause 413 

for polyspermy (Funhashi and Romar, 2004; Amiñana et al., 2005). In vivo, this 414 

pathological situation leads to the formation of polyploidy embryos that usually 415 

die at a very early stage of development (Hunter, 1990). The changes in 416 

oviductal fluid composition, spermatozoa concentration, interval between mating 417 

and fertilization that includes the period of spermatozoa capacitation as well as 418 

the functional state of oocyte cortical granules can all account for polyspermy. 419 

Although extensive attempts have been made to reduce the penetration of 420 

porcine oocytes by more than a single spermatozoon, the high incidence of 421 

polyspermy remains a major obstacle in porcine ART (Hunter, 1990, Almiñana 422 
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et al. 2005). This problem is also present in aged female gametes of several 423 

species, including humans (Kikuchi et al., 2002; Hao et al., 2007, Wang and 424 

Sun, 2007). The utilization of meiotic inhibitors can improve oocyte competence 425 

and it can therefore partially resolve the problem of polyspermic fertilization. 426 

However, this is also related to in vitro culture conditions during IVF. Thus, 427 

further research is needed to improve the efficiency of IVF systems, especially 428 

in porcine, to produce good quality embryos. 429 

 430 

Lipid modulators 431 

 432 

Lipid modulators are substances that are capable of reducing and/or modifying 433 

intracellular lipid content of cells that have been successfully applied in ART. 434 

The trans-10, cis-12 conjugated linoleic acid (t10,c12 CLA) is one of these 435 

substances, being capable of interfering with lipid accumulation and metabolism 436 

in porcine adipose explants, as well as in bovine oocytes and embryos (José et 437 

al., 2008; Pereira et al., 2007; Lapa et al., 2011). Forskolin was also able to 438 

reduce lipid content in porcine oocytes and embryos through lipolysis 439 

stimulation (Men et al., 2006; Fu et al., 2011). In a recent experiment, different 440 

incubation times (44h, 22h and 2h) with t10,c12 CLA or forskolin interfered on 441 

oocyte lipid content showing that supplementation time affected the distribution 442 

and morphology of LD (Prates et al., 2012a). These authors reported that the fat 443 

area became lighter in the presence of t10,c12 CLA, while in forskolin treated 444 

oocytes the fat area was reduced and meiosis delayed beyond 2 h of 445 

supplementation. Moreover, as referred, the supplementation time of forskolin 446 

during IVM of porcine oocytes can impair fertilization since it delays meiotic 447 
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progression and oocyte growth (Prates et al., 2012a). Another lipid modulator 448 

that has been used to improve ART results is phenazine ethosulfate (PES). 449 

PES supplementation during embryo culture increased glucose metabolism and 450 

tended to increase the PPP flux of glucose, with a clear reduction in the 451 

accumulation of lipids (De La Torre-Sanchez et al., 2006).  452 

 453 

Mechanisms of action of lipid modulators. 454 

The use of adenylyl cyclase activators such as forskolin during porcine oocyte 455 

culture induces alterations in both, nuclear and cytoplasmic maturation, these 456 

latter being related to the reduction of LD containing area (Prates et al., 2012a). 457 

As referred to above, the cytoplasmic maturation in the developing oocyte 458 

implies LD movements that can induce LD coalescence and thus morphology 459 

modifications. Moreover, by stimulating lipolysis, intracellular LD content may 460 

also be modified due to shrinkage (Thiele and Spandl, 2008). Once a lipolytic 461 

substance, such as forskolin (figure 4), binds to the catalytic subunit of the 462 

adenylyl cyclase enzyme, the cAMP is hydrolysed from the available ATP in the 463 

cytoplasm and the cAMP level is increased, thus activating PKA protein (Xia et 464 

al., 2000; Holm, 2003). This protein phosphorylates endogenous lipases, as the 465 

hormone-sensitive lipase (HSL) and also perilipin protein located at the LD 466 

surface (Holm, 2003). Following phosphorilation, HSL is translocated to the 467 

cytoplasm where it binds to LD surface protein to induce fragmentation of large 468 

droplets in smaller ones, thus increasing accessible droplet surface and the 469 

degradation of its core (Holm, 2003; Thiele and Spandl, 2008). In the lipolysis of 470 

intracellular lipids, HSL catalyses triglycerides and diglycerides, while 471 

monoglyceride lipase is required to obtain complete hydrolysis of 472 



 20 

monoglycerides (Holm, 2003; Men et al., 2006; Thiele and Spandl, 2008; 473 

Walther and Farese, 2008). The supplementation of porcine COC culture 474 

medium with forskolin, during the initial 2 h of IVM, influenced both oocyte and 475 

their CC FA and plasmalogens (measured by dimethylacetal, DMA) 476 

composition, although their total contents were not affected (Prates et al., 477 

2012b). Depending on dose and exposure time, forskolin treatment may induce 478 

a higher modification in intracellular lipids (Fu et al., 2011; Prates et al., 2012a). 479 

Besides acylglycerols, HSL can hydrolyse cholesterol and steroid esters (Holm, 480 

2003). The meiosis-activating sterols system was also referred to be stimulated 481 

by the MAKP pathway following AMP level rise due to cAMP hydrolysis (Sutton 482 

et al., 2003). Therefore, sterol metabolism might be affected by the utilization of 483 

lipolytic agents during oocyte maturation, such as adenylyl cyclase stimulators.  484 

Through lipolysis, the generation of glycerol and the availability in free FA are 485 

increased. These metabolites may then be used for de novo synthesis of FA by 486 

re-esterification and phospholipids generation for membrane assembly during 487 

cell division of embryonic development (Men et al., 2006; Walther and Farese, 488 

2008). Simultaneously, free FA may be used to produce energy through the β-489 

oxidation pathway, to boost maturation progression as in porcine oocytes 490 

(Sturmey and Leese, 2003). On the other hand, t10,c12 CLA added during the 491 

culture of pig adipose tissue interfered with lipogenesis, decreasing the FA 492 

synthase activity and the rate of C-labelled glucose incorporation, but had no 493 

effect on non-esterified FA release (José et al., 2008). However, when porcine 494 

COC were matured with 100 μM t10,c12 CLA, this isomer was accumulated in 495 

both, oocyte and CC, changing their FA profiles, mostly in CC (Prates et al., 496 

2012b). The t10,c12 CLA appears to affect the PKA signal transduction 497 
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pathway and thus, the cAMP cascade of reactions (figure 4) (Ashwell et al., 498 

2010). These authors showed that the expression of four genes from the PKA 499 

transduction pathway were down regulated while four genes were up regulated 500 

by t10,c12 CLA supplementation. On the other hand, an increase in lipolysis 501 

and in cytosolic perilipin associated with smaller LD was identified in human 502 

adipocytes cultured in the presence of this isomer (Chung et al., 2005). It is then 503 

possible that PKA and MAPK/ERK pathways may be regulated by t10,c12 CLA, 504 

thus interfering with LD lipolysis (figure 4). The analysis of FA and DMA 505 

composition of porcine COC showed that independently from cell type, CLA 506 

treatment reduced the proportions of several individual FA and plasmalogens 507 

DMA-16:0, c9-16:1, 18:3n-6, and tended to reduce c7-16:1, c11-18:1 and 508 

20:4n-6 (Prates et al., 2012b). Furthermore, it increased the concentration of 509 

22:6n-3 in the maturation media at the end of the maturation period, suggesting 510 

that this FA might have been elongated during maturation and exported, to 511 

maintain oocyte PUFA content to avoid the generation of reactive oxygen 512 

species (ROS). Indeed, CLA may follow different pathways once it is available 513 

in the cell (Banni, 2002). CLA may then enter in mitochondrial β-oxidation to 514 

produce energy for maturation proceeds or FA synthesis in ER and ER-Golgium 515 

complexes (Sturmey and Leese, 2003; Thiele and Spandl, 2008). It is possible 516 

that t10,c12 CLA might have entered the oocyte by pinocytosis and 517 

accumulated in LD, thus interfering with its colouration under microscopic 518 

observation and LD movements during maturation (Prates et al., 2012a). The 519 

mechanisms of action of t10,c12 CLA on oocyte and embryos needs to be 520 

further studied.  521 
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Alternatively, PES is another lipid modulator that stimulates different metabolic 522 

pathways. PES increases glucose metabolism through PPP during embryo 523 

culture (De La Torres-Sanchez et al., 2006). Hence, PES is a strong electron 524 

acceptor that readily oxidizes NADPH, thus decreasing NADPH required for the 525 

synthesis of numerous lipids, particularly long-chain fatty acids, and reducing 526 

intracellular lipid content of embryos (Seidel, 2006). 527 

 528 

Lipid content reduction applied for cryopreservation of oocytes and embryos.  529 

Considerable progress has been made in improving and simplifying oocyte and 530 

embryo cryopreservation procedures to be routinely used in transfer programs. 531 

In general, cryopreservation by slow freezing is a process where extracellular 532 

water crystallizes, resulting in osmotic gradient that draws water from the 533 

intracellular compartment until intracellular vitrification occurs (Pereira and 534 

Marques, 2008: Saragusty and Arav, 2011). On the other hand, in 535 

cryopreservation through vitrification, both intra and extracellular compartments 536 

vitrify after cellular dehydration has already occurred (Saragusty and Arav, 537 

2011). These cryopreservation techniques have been improved to minimise 538 

damage and help oocytes and embryos of different developmental stages to 539 

regenerate by several strategies: using microsurgical manipulation, cytoskeletal 540 

relaxants (such as cytochalasin B or D), membrane and protein stabilisers, 541 

centrifugation, adjusting the concentration of cryoprotectors and/or reducing the 542 

cooling volume to a minimum (Esaki et al., 2004; Cuello et al., 2008; 543 

Gerelchimeg et al., 2009; Fu et al., 2011). Nevertheless, the success rate is still 544 

limited particularly in oocytes. 545 
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The plasma membrane of oocytes and embryos is the first cellular structure 546 

whose integrity is affected by thermotropic phase transition (Nagashima, 1994; 547 

Arav et al., 1996). During cooling, irreversible damage occurs shortly after 548 

exposure to low, but not freezing temperatures just below 15 ºC (Nagashima, 549 

1994). In oocytes, the greater cellular volume and higher cytoplasmic lipid 550 

content increase chilling sensitivity when compared to embryo cells (Arav and 551 

Zvi, 2008). Furthermore, the less submembranous actin microtubules present in 552 

oocytes accounts for a less robust membrane and thus, cryopreservation can 553 

cause disorganization of cytoskeleton and meiotic spindle, as well as 554 

chromosome and DNA abnormalities (Fujihira et al., 2004; Arav and Zvi, 2008). 555 

Changes in cellular chemical composition and LD association to other 556 

organelles or to the cytoskeleton were also identified in GV oocytes and phase 557 

separations in the plasma and/or internal membranes in embryos (Nagashima, 558 

1994; Arav et al., 1996; Fujihira et al., 2004). Differences in LD colour tone of 559 

fresh immature and vitrified-warmed porcine oocytes were identified: gray in 560 

fresh and slightly dark in vitrified oocytes (Fujihira et al., 2004). However, LD 561 

size or distribution was similar. On the contrary Isachenko et al. (2003) showed 562 

that the two types of LD found in porcine oocytes, dark and „gray‟, changed their 563 

morphology during cooling into a spherical form with lucent streaks impairing 564 

oocyte developmental competence.  565 

As referred above, the high lipid content that has been related to an increased 566 

sensitivity to chilling injury during cryopreservation is particularly important in 567 

porcine species (Fujihira et al., 2004; Romek et al., 2009; Fu et al., 2011). 568 

Changing the lipid content of porcine embryos by removing LD may have a 569 

direct effect on embryo survival during chilling (Nagashima et al., 1994; Hara et 570 
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al., 2005). This process can be performed by mechanical delipidation through 571 

polarization of the cytoplasmic LD and subsequent physical removal of excess 572 

lipid, increasing the survival rates of cryopreserved embryos (Nagashima et al., 573 

1994; Esaki et al., 2004; Pereira and Marques, 2008). As an alternative to such 574 

invasive techniques that can damage the cellular structure, it is possible to 575 

improve the success of cryopreservation of in vitro produced embryos by 576 

eliminating serum from the culture medium, or by inducing chemical delipidation 577 

through metabolic manipulation (Seidel 2006; Romeck et al., 2009).  Indeed, it 578 

has been demonstrated that adding t10,c12 CLA to serum-containing media 579 

during in vitro culture  of bovine embryos reduced  lipid accumulation and 580 

significantly improved blastocyst survival following cryopreservation (Pereira et 581 

al., 2007; 2008). In oocytes, t10,c12 CLA was shown to interfere with lipid 582 

metabolism, both in bovine and porcine species, reducing lipid content in 583 

porcine species (Lapa et al., 2011; Prates et al., 2012a). Furthermore, by 584 

reducing the lipid content of porcine oocytes and embryos, forskolin was shown 585 

to increase cryosurvival following vitrification (Men et al., 2006; Fu et al., 2011). 586 

In the light of the above, other metabolic modulators, namely PES, can be used 587 

to reduce cytoplasmic lipid content improving cryosurvival of bovine embryos 588 

(Barceló and Seidel, 2007). However, the use of PES during in vitro culture had 589 

a limited effect on porcine blastocyst survival after vitrification. Nevertheless, 590 

PES increased the proportion of morula and blastocyst formation, reducing the 591 

index of DNA fragmentation and the cytoplasmic lipid content of cultured 592 

blastocysts (Gadja et al., 2011). Further studies are needed to broaden the 593 

knowledge of this promising approach to improve ART success. 594 

 595 
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Future Perspectives 596 

 597 

The lipid content of porcine oocyte as well as the asynchrony between nuclear 598 

and cytoplasmic maturation renders it a good model in the field of oocyte 599 

biology research. Knowledge of the pathways and key molecules regulating 600 

these processes may highlight therapeutic possibilities to prevent the excessive 601 

accumulation or to modulate lipid composition in cytoplasmic droplets. In the 602 

future, lipid modulators may also be applied in germplasm cryopreservation to 603 

improve livestock production. Further studies are needed to clarify its potential 604 

to avoid disorders in lipid metabolism and its relation to infertility.   605 
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Figure 1 – Immature porcine cumulus-oocyte-complex (COC) observed under a 838 

Nomarski microscopy. 839 

 840 

Figure 2 - Nuclear configuration of porcine oocytes prior to (A) and after (B) in 841 

vitro maturation (GV, germinal vesicle: MII and PB, metaphase II with polar 842 

body). 843 

 844 

Figure 3 – Immature porcine oocyte observed under a Nomarski microscopy, 845 

with lipid droplets (LD) highlighted in white colour (LD and oocyte areas were 846 

measured using Image J software). 847 

 848 

Figure 4 – A model for possible effects of forskolin and trans-10,cis-12 849 

conjugated linoleic acid on regulation of oocyte maturation and metabolic 850 

pathways: stimulation of cAMP intracellular levels and PKA or MAPK pathways; 851 

other potential mechanisms for CLA action are also illustrated with dashed 852 

arrows. PKA, protein kinase A; MAPK, mitogen protein kinase; AC, adenylyl 853 

cyclase; HSL, hormone sensitive lipase; MGL, monoglyceride lipase; P, perilipin 854 

protein; LD, lipid droplet; NEFA, non-esterified fatty acids. See text for details. 855 
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