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Abstract. 	Oocyte quality is affected by many factors, among which the environment of growth and maturation seems to be 
crucial. Studies show that well balanced oocyte energy metabolism has a significant impact on several elements of cytoplasmic 
and nuclear maturation as well as further embryo developmental competence. Therefore homeostasis between metabolism of 
glucose and fatty acids in the oocyte is being widely described nowadays. This review aims to discuss the follicular (in vivo) 
or maturation media (in vitro) environments with regard to glucose and fatty acid metabolism, as the main sources of the 
energy for the oocyte. A great emphasis is given on the balance between those two metabolic pathways and its further impact 
on female fertility.
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Energy Metabolism in the Female Organism

Oocyte is the largest mammalian cell. Its development is more 
energy consuming in comparison to the somatic cells. However as 
a benefit, this large cell can provide enough substrates for energy 
production necessary for the initial days of embryo development. 
Therefore, well balanced energy metabolism of the oocyte will 
most definitely impact further embryo development and quality. 
The question arises, what “well balanced metabolism” means and 
how it can be measured and predicted.
The most common sources of energy for the mammalian cell are 

either glucose or fatty acids. They enter the cytosol of the cell and 
convert into acetyl-CoA, which is finally oxidized to ATP for energy 
production. Fatty acids are utilized via β-oxidation (FAO), whereas 
glucose is the substrate mainly for glycolysis, pentose phosphate 
pathway (PPP) and hexosamine pathway. Oxidation of both substrates 
takes place in mitochondria. Fatty acids allow to obtain substantially 
higher amount of energy when compared to glucose.
The described processes of energy production are precisely 

controlled, but also flexible, depending on cell’s environmental 
conditions. The main causes of metabolic fluctuations arise from 
the availability of enzymes, substrates and the catalytic activity of 
the enzymes. The limited substrate availability may lead the cell 
not to choose the preferable energy metabolism pathway, but to 
utilize the most available at the moment. On the other hand, free 
access to the specific substrate for energy metabolism should limit 

other options of energy production, as a reverse negative effect. 
Such relations have been well described in the literature. Several 
experiments summarized by Randle [1] confirm that within the 
human body, fatty acids provision promotes fatty acid oxidation and 
inhibits glucose oxidation simultaneously. Other studies show that 
glucose provision promotes glucose oxidation, inhibiting fatty acid 
oxidation. This phenomenon has been described in various tissues 
like heart muscle, adipocytes, liver, etc. Thus, the question arises 
whether such attempts to balance the energy are also observed in 
oocytes, especially during their growth and maturation, and what 
is its further impact on embryo quality.
Both for animals and human, female fertility is a complex trait 

combining numerous processes, such as nutrition, physiological status 
etc. All these parameters may influence not only the global metabolic 
processes within the female, but also affect oocyte and embryo 
quality via the maternal disorders of lipid or glucose metabolism. 
In human, overweight or obese women have reduced pregnancy and 
live-birth rates and significantly reduced oocyte quality (reviewed 
by [2]). With regard to cows, there is an observed phenomenon 
called negative energy balance. It is a high requirement for energy 
due to rapid growth of the fetus in the last weeks of pregnancy and 
increasing milk production after calving. As a consequence, it is 
characterized by alternations in plasma metabolite levels, including 
increased circulation of non-estrified fatty acids (NEFA) and further 
modifications of follicular fluid composition (reviewed by [3]). A 
substantial influence of NEFA concentration in bovine follicular 
fluid or in vitro oocyte maturation media was observed to impact 
the oocyte quality, with a key role of cumulus cells in protection 
against lipotoxicity [4, 5]. Cows with fertility problems have also 
significantly lower circulating glucose concentrations compared 
to cows with normal fertility [6]. Therefore it is suggested that an 
optimal physiological concentration of glucose and fatty acids is 
crucial for proper oocyte development and maturation, as well as for 
the establishment of the nascent embryo’s developmental potential.

Received: August 27, 2019
Accepted: November 8, 2019
Advanced Epub: December 2, 2019
©2020 by the Society for Reproduction and Development
Correspondence: E Warzych (e-mail: ewelina.warzych@up.poznan.pl)
This is an open-access article distributed under the terms of the Creative 
Commons Attribution Non-Commercial No Derivatives (by-nc-nd) License. 
(CC-BY-NC-ND 4.0: https://creativecommons.org/licenses/by-nc-nd/4.0/)

Journal of Reproduction and Development, Vol. 66, No 1, 2020

https://creativecommons.org/licenses/by-nc-nd/4.0/


WARZYCH and LIPINSKA2

In the follicular fluid a complex set of nutrients during follicular 
development is collected in order to support the growth and develop-
ment of cumulus-oocyte complex. Since both glucose and fatty acids 
are detected, one may assume that both these substrates are essential 
to support oocytes competence acquisition. The question however 
arises what is the proper balance between glucose and fatty acids 
to obtain the most optimal effect of oocyte quality establishments. 
In the process of oocyte quality determination, all the elements of 
follicular environment are involved however follicular fluid and 
follicular cells are described as being the most crucial for oocyte proper 
development [7]. In the following review, the follicular environment 
will be discussed with regard to glucose and fatty acids metabolism 
and their metabolic balance with the further impact on the wider 
concept of female fertility.

Glucose Metabolism within the Follicular Environment

Most mammalian cells use glucose predominantly for ATP synthesis. 
Also cumulus-oocyte-complexes base their energy metabolism on 
glucose and mature cumulus oocyte complexes (COCs) consume 
two-fold more glucose and pyruvate than the immature ones [8]. It 
indicates high energy demand of the changes that take place during 
the process of preparing the oocyte for fertilization. Surprisingly, the 
oocyte itself has a low capacity for glucose metabolism due to low 
phosphofructokinase activity [9]. Besides, due to its hydrophilic nature, 
glucose cannot diffuse across the plasma membrane but it is transported 
through nutrient transporters of solute carrier family. Therefore oocytes 
of most mammalian species must rely on metabolism of cumulus 
cells, which due to additional GLUT transporters with high affinity 
to the substrate, absorb glucose either form follicular fluid (in vivo) 
or maturation medium (in vitro) (Fig. 1). There has been observed a 
gradient of glucose incorporation into bovine cumulus layers, with 
glucose taken up by cells on the outer layers and then, through both 
facilitated transport and diffusion, progressed inwards to the corona 
radiate and oocyte by the gap junctions [10]. Due to high phosphofruc-
tokinase activity, cumulus cells convert glucose to pyruvate, lactate 
or NADPH, which are further transferred to oocytes [10]. Pyruvate 
and lactate are then metabolized via the tricarboxylic pathway (TCA) 
followed by oxidative phosphorylation to energy essential for oocyte 
development. The oocyte in turn ensures its own delivery of pyruvate 
by up-regulating glycolytic genes in murine cumulus cells [11]. The 
up-regulation of glycolysis is curried by paracrine factors secreted by 
oocyte and it depends on the developmental stage of the oocyte, since 
only fully grown oocyte has this capacity [11]. Removing murine 
oocytes from cumulus-oocyte complexes reduces the level of transcripts 
encoding glycolytic enzymes (Pfkp, Ldha) in cumulus cells and this 
process may be completely reversed by co-culturing cumulus cells 
with fully grown oocytes [11]. This observation indicates that the 
experiments focused on energy production in the oocyte cannot be 
limited to this single cell exclusively but it should range also cumulus 
cells. Pyruvate, except of the direct transport to the oocyte, may also 
be secreted by the cumulus cells and collected from the surrounding 
medium by the oocyte [12].
Cumulus cells metabolize glucose through four pathways: gly-

colysis, pentose phosphate, hexoxamine and polyol [10]. Anaerobic 
glycolysis is a major pathway for glucose metabolism in the mam-

malian ovarian follicles [13]. It is beneficial for mtDNA synthesis, 
as it avoids overloading the immature mitochondria for Krebs 
cycle metabolism, which could lead to oxidative stress [14]. Both 
glycolysis and PPP seem to be the same important, since they affect 
nuclear and cytoplasmic maturation of oocytes of several species 
(e.g. mouse – [15], pig – [16], cow – [17]). These factors have been 
shown to play key roles in developmental competence of cow [17] 
or pig [18] oocytes.
Pentose phosphate pathway, although crucial for many processes 

described above, is minor for glucose and it is species specific. 
As described for mouse oocytes, it metabolizes less than 3% [19], 
whereas bovine oocytes reveal higher PPP activity when compared to 
cumulus cells [9]. PPP pathway does not generate ATP, however due 
to the production of NADPH, it is crucial for cytoplasmic integrity 
and redox state through the reduction of glutathione to GSH [10, 20]. 
Additionally this process leads to synthesis of ribose-5-phosphate 
that is critical for DNA and RNA synthesis [10]. It has been proposed 
for mice and cattle that PPP is involved in the progression of all 
stages of meiosis, MI-MII transition and the resumption of meiosis 
after fertilisation via production of NADPH followed by generation 
of ROS essential for signalling pathway [21, 22]. Also pig oocytes 
reveal GVBD to MII transition dependent on PPP pathway activity 
[18]. There was observed an effect of PPP inhibition on glucose 
uptake and lactate production, which suggests an inhibitory effect 
on glycolytic activity [23].
Hexosamine biosynthesis pathway provides substrate for hyaluronic 

acid production for extracellular matrix expansion and O-linked protein 
glycosylation for cell signalling and fuel sensing [10]. It has been 
observed that increased glucose consumption by COCs during the final 
stages of IVM is to generate matrix via the hexosamine biosynthesis 
pathway [24]. After FSH supplementation of the bovine IVM medium, 
an increase in the consumption of glucose via hexosamine pathway 
was observed [21].
The minor polyol pathway produces fructose and sorbitol in 

hyperglycemic conditions, resulting in negative consequences for 
oocyte quality [10]. Under standard glycaemic conditions, the polyol 
pathway accounts for very little of total glucose metabolism.
With the progression of bovine COC maturation, increase of 

consumption of glucose, pyruvate and oxygen is observed [8], which 
indicates the increasing demand for energy. However there is a limiting 
level of glucose in the maturation medium, which supports the proper 
oocyte development. Studies showed that in vitro maturation of bovine 
oocytes in sub-optimal concentrations of glucose resulted in delayed 
meiotic maturation, fertilization and embryonic development [10]. The 
average concentration of glucose in the follicular fluid is comparable 
to the one observed in plasma, but it is species specific. For cattle 
it ranges between 1.4 and 5 mM [21], sheep 1.2 to 1.7 mM [25] or 
mouse 0.01 to 2.4 mM [26]. Since in vivo conditions may reveal quite 
dynamic changes in glucose level depending on mother-originating 
stimuli, in vitro maturation is conducted in stable medium with 
precisely defined composition. It was shown that the optimal glucose 
concentration in the maturation medium for cattle ranges from 2.3 to 
10 mM, and any higher or lower concentrations are detrimental to 
oocyte development [10]. Surprisingly, even a short (1 h) exposure 
of murine COCs to media containing unphysiological concentration 
of glucose can have a negative effect on embryo development [27].
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Fig. 1.	 A diagram of mechanisms of lipids and glucose metabolism within the cumulus oocyte complex. The left part of the diagram shows lipids 
metabolism, whereas the right part is focused on glucose metabolism. In both pathways, a crucial role play cumulus cells, which collect lipids and 
glucose from follicular fluid, protect oocyte from lipotoxicity (lipids metabolism) or convert glucose to pyruvate (glucose metabolism). The final 
product of either lipids or glucose metabolism is ATP.

Fig. 2.	 A chart summarizing described in the literature 
interactions between lipids and glucose metabolism after 
modifications of cumulus-oocyte complexes (COCs) 
maturation environment. Lines 1 to 3 – maturation 
media are supplemented with non-estrified fatty acids 
(NEFA) or glucose in concentrations higher or lower 
than physiological. Line 4 – fatty acid oxidation is 
induced via supplementation of maturation media with 
carnitine. Lines 5 to 7 – fatty acid oxidation is inhibited 
via supplementation of maturation media with etomoxir. 
Variable effects of the described in vitro maturation 
(IVM) modifications within the oocyte, cumulus cells or 
blastocysts are summarized. The legend of the graphic 
signs used in the chart is present in the line 8.
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Fatty Acid Metabolism within  
the Follicular Environment

Fatty acids show very high energetic value, giving 5–6 times 
more ATP product when compared to glucose. Within the follicular 
environment, fatty acids are observed in oocyte, cumulus cells, other 
follicular cells as well as in follicular fluid [28]. In follicular fluid 
of heifers, 37 fatty acids are present with the total concentration 
of 600 µg/ml. The highest concentration reveal: oleic acid (87 µg/
ml), linoleic acid (48 µg/ml), stearic acid (31 µg/ml) and palmitic 
acid (26 µg/ml) [29]. With regard to follicular fluid of prepubertal 
gilts, total concentration of fatty acids is 890 µg/ml and the most 
abundant particular fatty acids are: palmitic acid (232 µg/ml), oleic 
acid (203 µg/ml), linoleic acid (190 µg/ml) and stearic acid (142 
µg/ml). The concentration of selected fatty acids depend on many 
factors e.g. female reproductive status [29, 30], size of follicle [29] 
or year season [31].
In oocytes lipids are stored as triacylglyceroles (fatty acids estri-

fied to glycerol) in lipid droplets, whereas free fatty acids may be 
localized also within the cytoplasm (Fig. 1). Lipid droplets together 
with mitochondria create so called “metabolic units”. Free fatty acids 
obtained from triacylglyceroles can be directly transported from 
lipid droplets to mitochondria and oxidized via β-oxidation, which 
reveals a fast and direct way of energy acquisition [32, 33]. As the 
ovarian follicle grows, the number of lipid droplets associated with 
endoplasmic reticulum and mitochondria increase, denoting a rise 
in oocyte metabolism (rev. [34]). During the transformation from 
primary to secondary follicle, lipid droplets change from small 
round dark droplets to large gray structures in pigs, which reflects 
a change in fatty acids composition [35]. These changes may be 
species specific and related to such factors as physiological status 
of the animal or its diet [36, 37]. During the antrum formation in 
the follicle, large amounts of lipids are observed within the oocyte. 
It may suggest the importance of energy metabolism during oocyte 
growth, which also indicates the demand for energy accumulation 
for the meiosis resumption and oocyte maturation, which in most 
mammalian species take place shortly before ovulation. The process 
of oocyte maturation significantly affects the lipid droplets within the 
whole cumulus-oocyte complex. In bovine oocytes there is observed 
the increase of lipid droplets number after IVM [38, 39]. Interestingly, 
changes of lipid droplets number during oocyte maturation depends on 
e.g. the reproductive status of the female, which has been confirmed 
in cattle [38] and pigs [40]. In bovine oocytes of prepubertal heifers 
there is observed lower number of lipid droplets when compared to 
mature cows [38]. In contrary, significantly lower number of lipid 
droplets is present in oocytes originating from cyclic pigs when 
compared to prepubertal [40]. The observed differences are difficult 
to explain, since these two species show different requirements for the 
lipid metabolism. Besides cow oocytes contain rather higher number 
of smaller lipid droplets, whereas porcine oocytes lower number of 
bigger lipid droplets. Therefore it is suggested that maybe total lipid 
content or total lipid droplets area characterise lipid droplets better 
than droplets number itself.
Although studies show that glucose or pyruvate are essential 

for successful oocyte maturation, fatty acid β-oxidation is also an 
important source of energy during oocyte maturation. It may be 

suggested that fatty acid oxidation (FAO) is especially important 
during oocyte maturation, since until that moment the amount of lipid 
storage within the oocyte increases and the maturation process itself 
is very energy consuming, decreasing the number of lipid droplets 
[38, 39]. Mammalian immature oocytes contain endogenous lipid 
reserve but its amount varies among species (e.g. 63 ng in the cow 
vs. 161 ng in the pig, [41]). Trigliceride (uncharged ester of glycerol) 
is the main lipid found in mammalian oocytes, however its level 
also depends on species (30% in the sheep, 35% in the cow and 
60% in the pig oocyte; [42]). Oocyte maturation is accompanied by 
fatty acid synthesis, lipolysis activity and FAO both in oocytes and 
cumulus cells and these processes influence meiosis progression. It 
was proved by inhibition of FAO in both cumulus enclosed oocytes 
and denuded oocytes, where it resulted in the reduction of maturation 
rate [43]. Delayed meiosis resumption after FAO inhibition has also 
been reported in mice [33, 44].
What is interesting, between species there are different reactions of 

COCs on the inhibition of lipid metabolism during IVM, depending 
on the amount of lipids accumulated in the oocyte’s cytoplasm. 
Mouse COCs, which represent low amount of accumulated lipids, 
needed higher amount of etomoxir (250 µM) to show similar effect 
as in cattle, suggesting that FAO may not play as important role 
during mouse oocyte maturation. By contrast, porcine oocytes with 
high intracellular lipid content, arrested during maturation even after 
exposure to low concentrations of etomoxir (10 µM). Therefore, in 
these COCs probably FAO is essential for proper maturation [45].
Crucial elements of lipid metabolism pathways in the oocyte 

are cumulus cells, which tightly surround the oocyte. It was shown 
that bovine cumulus cells protect the oocyte from toxic effect of 
fatty acids accumulated in the maturation environment [4, 5]. Short 
exposure time to elevated levels of free fatty acids does not harm the 
oocyte, due to the accumulation of fatty acids in the cumulus cells. 
This protective effect is visible even during further uninterrupted 
embryo development. Cumulus cells are able to protect the oocyte 
and the nascent embryo probably due to the activity of stearoyl-CoA 
desaturase, which converts saturated into monounsaturated fatty 
acids [46]. Bovine oocytes that were denuded before maturation 
had decreased developmental competence and had significantly less 
lipid content than cumulus enclosed oocytes [47]. It suggests that 
cumulus cells help to regulate the accumulation and metabolism of 
intracellular lipids during oocyte maturation and protect the oocyte 
from those fatty acids which affect negatively on oocyte competence 
[4, 5]. Studies show that inhibition of FAO during bovine IVM 
significantly decrease lipid droplets number in cumulus cells as well 
as the percentage of cumulus cells with visible lipid droplets when 
compared to standard IVM procedure [43]. Authors also suggest that 
FAO inhibition conditions limit the capacity to metabolize lipids and 
therefore it may cause cumulus cell death, which strongly affects 
oocyte quality[43]. Besides, any disturbances in lipid homeostasis 
observed in cumulus cells may also negatively influence oocyte 
development, since during IVM there are observed massive changes 
in lipid profiles in cumulus cells. What is interesting, some lipid 
species abundances increase, whereas other decrease, which indicates 
the demand for the homeostasis in energy metabolism of the oocyte 
as well as cumulus cells [43].
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The Impact of Energy Metabolism Modifications 
during Oocyte Maturation on Embryo Development

Many previous studies showed that oocyte maturation condi-
tions affect embryo development (rev. [48]). The question arises, 
whether energy metabolism changes during the process of oocyte 
development and maturation are important for embryo quality and 
quantity. Already in 1992 Britt hypothesized that reduced fertility in 
cows after negative energy balance may arise from an effect of the 
oocytes exposure to metabolic stress during early stages of follicular 
development [49]. Therefore imbalanced energy metabolism seems 
to be crucial for this phenomenon.
In cattle, when NEFA was added to IVM medium, cleavage rate 

was not affected, however the blastocyst rate was decreased [50]. This 
result was not confirmed by the studies of De Bie et al. [51], who 
has not observed any changes in both cleavage and blastocyst rate. 
However both manuscripts describe no impact of NEFA supplementa-
tion during IVM on blastocyst quality, revealed by total cell number 
[50, 51], ICM and TE cell number [50, 51] or apoptotic index [50]. 
Therefore detrimental lipid conditions of oocyte maturation reduce 
the chance to develop to the blastocyst stage, but the embryos that 
do develop, are of good quality. De Bie et al. [51] additionally 
observed lower cleavage and blastocyst rate when NEFA were added 
together with low or high glucose concentration but again the qual-
ity of blastocysts was unchanged. This means that some embryos 
may compensate unfavourable maturation conditions, however the 
mechanism of overcoming these disadvantages is unknown. There 
was a significant effect of bovine embryo development when oocyte 
maturation was performed in the presence of selected fatty acids [52]. 
Supplementation by steric acid did not change cleavage and blastocyst 
rate but it decreased blastocyst’s cell number and apoptotic cell ratio. 
In contrary, supplementation with high concentrations of palmitic 
and oleic acids resulted in lower blastocyst rate and higher apoptotic 
index but it did not affected blastocyst’s cell number. Therefore, 
NEFA-exposure during maturation may have a negative impact on 
post-genome activated development, however it is observed only 
with regard to some fatty acids. The compensate effect of oleic acid 
for negative effect of saturated palmitic and stearic acids in cattle 
has been previously described [39]. Besides there was observed an 
important protective effect of cumulus cells, which accumulates 
the excess of toxic fatty acids and promotes further proper embryo 
development [4]. However when combination of several fatty acids 
(palmitic, stearic and oleic) were added to the maturation medium, 
massive changes in the blastocysts gene expression were observed, 
with the highest contribution of genes involved in lipid metabolism 
(storage) [53]. According to authors it is unresolved whether it 
provides protective and/or compensatory mechanisms rather than 
activating other toxic-related pathways.
For the mouse embryos, stimulation of FAO during in vitro matura-

tion of oocytes increases embryonic development but does not alter 
embryo quality. In contrary, when FAO is inhibited, it decreases mice 
embryo development (both cleavage and blastocyst rate). It also 
reduces total cell number and trophoectoderm cell number – indicators 
of blastocyst potential [54]. Basing on the results of other species, 
it is suggested that there is an optimal range of intracellular lipids 
that is compatible with high oocyte quality and it further affects 

embryo development capacity. Good quality bovine oocytes have 
higher levels of intracellular lipids, which appears optimal for this 
species, as oocytes with low lipid content have reduced developmental 
potential [55]. It is also suggested that lipid content of oocytes reflects 
a balance in the activity of multiple metabolic pathways necessary 
to successfully support future embryo development.
Studies show that modifications of glucose metabolism during 

in vitro maturation also have an effect on embryo developmental 
potential, however this phenomenon is definitely less described. 
The supplementation of maturation medium with NADP, which 
stimulated glucose uptake via increase of PPP pathway, did not 
change cleavage rate however it significantly decreased blastocyst 
rate of bovine embryos [23]. Authors suggest that the negative 
effect on embryo development is caused by disturbed mitochondrial 
migration during early cleavages.

Homeostasis between Glucose and Fatty acid 
Metabolism and Its Impact on Gamete Potential

Glucose consumption and fatty acid metabolism seem to be cor-
relate in mouse COC [54] as well as in bovine embryos [52]. Several 
experiments that describe the relations between those metabolic 
pathways are summarized in Fig. 2. A provision of NEFA during in 
vitro maturation of bovine oocytes resulted in decrease of glucose 
uptake in the blastocysts, which has been explained as a promotion of 
fatty acid oxidation over glucose oxidation [52]. Surprisingly higher 
mRNA level of glucose transporter 1 was also observed but probably 
the final production of the protein has been interrupted. Paczkowski et 
al. [54] showed that stimulation of fatty acid oxidation (via carnitine 
supplementation to medium) during IVM reduced intracellular lipid 
content in the mice oocyte, which indicates increased utilization of 
intracellular fatty acid stores. In the same experiment also reduction 
of glucose consumption was observed. In contrary, when FAO was 
blocked via etomoxir inhibition, higher mRNA level of glucose 
transporter 1 (Slc2a1) was detected both in oocytes and cumulus cells. 
Also glucose consumption from the IVM medium was increased when 
compared to the medium supplemented with carnitine. This clearly 
demonstrates the existence of a balance between the metabolism of 
glucose and fatty acids within the COC. The same authors in other 
publication show however that energy metabolism changes may 
differ, depending on the analysed species [45]. Mice COCs reveal 
no changes of glucose consumption after inhibition of FAO during 
IVM. Bovine COCs show either increase or decrease of glucose 
consumption, depending on the concentration of inhibitory factor 
(etomoxir). With regard to porcine COCs, no significant change of 
glucose consumption is observed. Authors hypothesize that in bovine 
COCs glucose consumption increases when COCs are exposed to 
etomoxir to compensate for reduced ATP production and allow 
meiosis to continue. In contrary, etomoxir supplementation during 
maturation of porcine COCs did not change the consumption of 
glucose, therefore these cells were not able to change the energetic 
metabolism into the pathways of glucose consumption available at 
the moment, which was observed in bovine COCs. Basing on these 
findings, together with the data on expression of glycolysis controlling 
genes in cumulus cells, authors suggest that porcine oocytes are very 
sensitive to FAO perturbations. Utilisation of glucose as an alternative 
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energy source may be observed only in cumulus cells metabolism.
In the study of De Bie et al. [51], NEFA supplementation during 

IVM did not affect bovine COC glucose and lactate metabolism as well 
as reactive oxygen species (ROS) accumulation in the oocytes. When 
high level of NEFA was combined with high glucose concentration, 
glucose consumption was also not altered, but on the contrary lactate 
production was significantly increased. This increase of lactate/2 to 
glucose ratio indicates that the majority of glucose consumed was 
used in anaerobic glycolysis yielding lactate, which is suggested 
to be present in oocytes and early embryos as well as other rapid 
proliferating cells. This alternative form of metabolism was called 
Warburg effect [56]. It directs pyruvate away from the TCA cycle 
and metabolizes to lactate. This conversion produces NAD+ but it is 
less efficient when compared to standard aerobic metabolism (only 2 
moles of ATP produced from 1 mole of glucose). Interestingly, cells 
continue this less efficient method of ATP production from glucose, 
even when oxygen levels are adequate and mitochondria remain 
functional. This phenomenon is explained by probable other metabolic 
requirements beyond ATP production from glucose. However, it is 
underlined that other alternative sources of energy production, such 
as fatty acids, must be available to support basal TCA activity and 
ATP production [57]. This confirms the crucial role of glucose/fatty 
acids balance in the oocyte/embryo proper development.
Oocyte maturation in media supplemented with high level of fatty 

acids together with low glucose concentration gave lower glucose 
consumption and lactate production when compared to maturation 
with high fatty acid (FA) level and high glucose concentration [51]. 
Despite low glucose consumption, lactate/2 to glucose ratio was similar 
in both of the experimental groups. It indicates that when glucose 
availability is reduced, it is stored for other crucial pathways (e.g. PPP 
for nucleic acid synthesis and REDOX regulation) and FA oxidation 
becomes preferable source of energy. However Sutton-McDowall 
et al. [10] suggested that NEFA cannot support oocyte development 
without glucose supply as they are not able to provide nucleic acid 
precursors or defend against oxygen species.

Conclusions

There are species-specific energy requirements for oocytes, and 
most probably these processes depend on the amount of energy 
substrates collected within the cell. Although glucose is usually 
more preferable source of energy for COCs, fatty acid oxidation 
is also essential to oocyte growth and maturation. The amount of 
lipids present in the ooplasm affect the sensitivity to FAO inhibition. 
Therefore it is suggested that a proper concentration of lipids in the 
ooplasm as well as glucose in the maturation environment [follicular 
fluid or in vitro maturation (IVM) medium] are necessary for proper 
oocyte developmental competence. Also homeostasis between fatty 
acids and glucose metabolism pathways is underlined with regard 
to balanced oocyte growth and maturation.
There is observed an importance of cumulus cells in the processes 

of energy production by the oocyte, both when glucose or fatty acids 
metabolism are discussed. With regard to glucose metabolism, cumulus 
cells support the oocyte via conversion the glucose to pyruvate. 
When lipid metabolism is discussed, cumulus cells act as protectors 
from the negative impact of some fatty acids and accumulate them 

in lipid droplets.
What is the most interesting, an impact of energy metabolism 

modifications during oocyte growth and maturation on the embryo 
development has been widely described in the studies [50–53]. 
Therefore further experiments are important to reveal the influence of 
follicular (maternal) environment on the gamete and embryo quality.
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