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Abstract

:

Lipids are a potential reservoir of energy for initial embryonic development before activation of the embryonic genome and are involved in plasma membrane biosynthesis. Excessive lipid droplet formation is detrimental to cryotolerance and is related to alterations in mitochondrial function, which likely affects lipid metabolism. Increased lipid accumulation in in vitro produced embryos is a consequence of the stress during in vitro embryonic development process. There are several open questions concerning embryo lipid metabolism and developmental potential. Oocyte maturation and embryo development in vivo and in vitro may vary if the donors are subjected to any type of stress before follicle puncture because crucial changes in oocyte/embryonic metabolism occur in response to stress. However, little is known about lipid metabolism under additional stress (such as heat stress). Therefore, in this review, we aimed to update the information regarding the energy metabolism of oocytes and early bovine embryos exhibiting developmental competence, focusing on lipid metabolic pathways observed under in vivo, in vitro, and stress conditions.
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1. Introduction


The maturation and differentiation processes in oocytes and embryos are accompanied by biosynthesis as well as extensive reorganization of cellular compartmentalization processes that demand high energy consumption. Due to the presence of a relatively extensive apparatus with energy reserves in the form of lipid droplets and a multitude of mitochondria, the oocytes are well prepared to handle the high energy demand for maturation. However, the mechanisms that regulate metabolism take place in a very complex manner, linking important reactions that occur in follicular fluid, cumulus cells, and oocytes. Along with the regulation of oocyte energy reserves, the regulation of the energy supply is critical. Regulation of the activity and possibly the redistribution of mitochondria is important for maintaining the spatial and functional reorganization of lipid droplets as an energy source. However, the cellular biological processes are dependent on a multitude of cellular biochemical and molecular biological mechanisms, each with different energy requirements. The different processes must be precisely regulated in terms of the timing of the potential developmental capacity of the embryo. Different stresses, such as heat, influence the developmental capacity of oocytes and embryos in vivo [1].



Despite all the improvements in in vitro biotechniques in recent years, we should assume that the in vitro conditions of maturation, fertilization, and embryo cultivation alone are already serious stresses for oocytes and embryos. Adaptations to artificial culture conditions, in particular the culture media, already impose requirements that do not occur in such a way in vivo [2]. This is even more true for techniques such as intracytoplasmic sperm injection (ICSI), somatic nuclear transfer (SNT), or blastomere sampling, which require additional micromanipulation, bypass biological processes, or impede embryonic development. Ultimately, IVM bypasses the biological process of selecting ovulating follicles. Available biotechniques are used to varying extents in different species on a target-specific basis. While ICSI is a widely used technique in the human field, normal IVP, including cryopreservation, clearly dominates in the bovine field. Mice have been used in research for all these techniques. Completely different aspects and, above all, greater problems arise in the use of such techniques in wild and zoo animals, especially in endangered species [3,4]. In this review, we focused on bovine species.



Three aspects of energy or lipid metabolism are of particular interest. First, the oxygen tension in the in vitro culture is relevant; serum addition or serum replacement (chemically defined media) is important as a substrate source as well as potential regulatory substances, and there are some media additions in this context that are intended to influence the lipid balance. For decades, the optimization of in vitro embryo production has been studied with the aim of achieving the highest possible rate of developmentally competent embryos, leading to a high rate of healthy offspring. One of the most remarkable achievements in the IVP trajectory was the reduction in the incidence of large calf syndrome (LOS), which was probably caused by the reduction or exclusion of serum from the culture medium and by performing in vitro culture at low oxygen tension [5]. The first studies reporting LOS demonstrated the altered energy metabolism of embryos produced in vitro, drawing attention to the higher lipid content of these embryos [6].



The higher lipid content in the in vitro-produced embryos has been related to its low cryotolerance [7]; however, the use of delipidant agents during in vitro culture does not necessarily result in increased cryotolerance [8]. In addition to the stress of in vitro production, it is relevant to mention that the cumulus–oocyte complexes (COC) have their own history when they arrive in the laboratory, which influences subsequent in vitro development.



Heat stress, for example, is a very common type of stress that affects oocyte and embryo development. However, little is known about how lipid metabolism influences the embryonic development of oocytes under heat stress. However, it may be a good example to elucidate the importance of lipid reserves in oocytes and embryos under stress.



There are several unaddressed questions regarding embryo metabolism and developmental potential. Therefore, in this review, we aimed to update the knowledge on the energy metabolism in oocytes and early bovine embryos in terms of developmental competence, with a focus on the lipid metabolic pathways under in vivo, in vitro, and stress conditions.




2. Cumulus–Oocyte-Complex Lipid Metabolism


COCs contain two different cell types with distinct metabolic profiles and requirements. Oocytes mainly undergo oxidative phosphorylation, and cumulus cells (CCs) exhibit a high rate of glycolytic activity [9].



Metabolic crosstalk between oocytes and CC occurs through the bidirectional exchange of small molecules, including adenosine triphosphate (ATP), ions, and oxidative substrates, such as pyruvate and free fatty acids (FFA) [10].



Since there is a high demand for proteins during development, these substrates are unlikely to be used for ATP production and thus the endogenous stores of glycogen and protein are insufficient to sustain the developmental process [11].



Lipids are an important source of energy and may serve as the main substrate in porcine and bovine oocytes [12]. Fatty acid oxidation can generate approximately 3.5 more ATP molecules than glucose; therefore, it is a very efficient source of energy [13].



Energy from FFAs is produced via mitochondrial fatty acid oxidation (FAO). Carnitine palmitoyltransferases (CPT1 and CPT2), and their cofactor (carnitine) are critical for FFA transport into the mitochondria to undergo FAO, and thereafter, to produce ATP [14].



During oocyte maturation, among other metabolic pathways, active lipid synthesis, transport, storage, and degradation occur in the oocyte and surrounding CCs [10]. After maturation, a decrease in the activity of lipase (lipolysis) is observed in CCs, but no difference is observed in the activities of phosphofructokinase (glycolysis), and G6PDH (pentose phosphate pathway). During the growth stage and at the start of bovine oocyte maturation, CCs supply fatty acids to the oocyte, resulting from lipase activity [9]. Therefore, lipid metabolism in CCs affects oocyte survival and maturation success [10,15].



Inhibition of FAO promotes the death of CCs and prevents oocyte meiotic progression [10]. It has been suggested that triacylglycerol (TAG) species synthesized from FFA are supplied by CCs to the oocyte in the intact COC during maturation, as these lipids are not detected in the maturation medium, fetal bovine serum, immature CCs, and oocytes. Sanchez-Lazo et al. [10] also showed that the lipid profile of CCs varied based on the source of lipids used in the IVM medium. These observations indicate a role for CCs in regulating the synthesis and/or consumption of TAG by the oocyte to provide the energy required for the maturation process [15].



Homologous gap junctions between granulosa cells (GCs) and heterologous gap junctions between GCs and oocytes mediate their metabolism. Small molecules (<1 kDa), such as ATP, glucose, alanine, glycine, lysine, histidine, cysteine, and glutathion, might be directly transferred from GC/CC through gap junctions to the oocyte. Heterologous gap junctions, such as connexins 37 and 43, are essential for normal oocyte growth and maturation [16].



The transport of fatty acids from CCs to the oocytes might occur via transzonal projections (TZPs) and be mediated by fatty acid-binding protein 3 (FABP3). In vitro-matured COCs exhibit higher transcript and protein levels of FABP3 in CCs than in immature CCs obtained from in vivo matured COCs. FABP3 is localized within TZPs in immature and 9 h-matured COCs. However, after the first polar body extrusion, when TZPs are disconnected from the ooplasm, FABP3 molecules accumulate at the terminals of these projections. Moreover, they show simultaneous accumulation of FABP3 and lipids in the oocytes during the first 9 h of IVM and a reduction in lipid accumulation when TZPs were disrupted by cytochalasin B [17].




3. Oocytes


It is known that the oocytes of different mammalian species have different lipid contents, both in absolute terms (mouse, 4 ng; pig, 156 ng), and in relation to the ooplasm (mouse 2.5 × 10−5 ng/µm3; pig 25.9 × 10−5 ng/µm3) [18]. In addition, there are differences in the required maturation time of oocytes in vitro (murine 14 h, porcine 40–44 h, bovine 20–24 h), or in the developmental time after fertilization to the maternal-embryonic transition or blastocyst stage in these species [19]. A correlation between these two phenomena seems conceivable, as does the hypothesis that differences in energy metabolism between species are associated with them. Thus, the conclusions made here for cattle cannot be applied one-to-one to the other species, and vice versa. Oocytes derived from cows contain ~5.69 × 10−5 ng/µm3 fatty acids [11], and almost 50% (~2.3 × 10−5 ng/µm3) are stored in the form of lipid droplets (LD) [18]. Considering the high lipid content, the oocytes derived from cows, pigs, and sheep are visually darker than those derived from mice or humans [18].



It is widely accepted that oocytes with brown and homogeneous ooplasm surrounded by compact multi-layered cumulus stock are suitable for IVM. However, different patterns of ooplasma color have been observed, and can be used as a marker of superior embryo development. For example, oocytes with a homogenously distributed brown color with a black periphery and brown/black granulate ooplasma are considered to be developmentally fit. Three patterns of brown ooplasma exhibited high accumulation of lipids and good developmental potential, along with a high density of organelles, high polar body extrusion rate, and intermediate levels of ATP before IVM culture at the germinal vesicle (GV) stage. After IVM, the ATP levels of mature oocytes were higher than those of GV oocytes, indicating the intensity of metabolism during maturation [20].



Mitochondria are essential for supporting early embryonic development because glycolysis is limited during oocyte maturation and early embryonic development. Mitochondrial replication begins in primordial germ cells and continues during early oogenesis. During the later stages of folliculogenesis, the number of mitochondria increases significantly [21], from less than 10 in pre-migratory germ cells to 200 in oogonium, 6000 in primary oocytes, and more than 100,000 during cytoplasmic maturation [22,23]. However, there is no de novo synthesis of mitochondria that occurs between metaphase II and the blastocyst stage [21].



It has been demonstrated that immature bovine oocytes exhibit low mitochondrial activity [24], probably because mitochondria are immature at this point in time [25], thereby confirming that energy must be provided to the oocytes by the GCs at this developmental stage [26]. However, after maturation, oocytes exhibit a large percentage of mitochondria with high activity [24]. Additionally, mitochondrial activity is especially high in oocytes with better morphological quality and competence, wherein changes in the distribution pattern (in particular, the aggregation pattern of mitochondria in the cytoplasm), and high ATP production are observed [27,28,29]. The association between increased mitochondrial activity and changes in their distribution can be described not only in cattle but also in other species (e.g., pig: [30]; horse: [31]).



However, there is a limitation to increasing mitochondrial activity, as extremely high levels of ATP in matured oocytes may indicate impaired developmental competence and disruption of the regulation of mitochondrial functions in oocytes [12], suggesting that the storage of ATP at suitable levels in matured oocytes is a key factor in determining subsequent embryonic development and the quality of the resulting blastocysts.



LD are an important substrate for energy storage and are also involved in the maintenance of membranes [18]. LD appear in the oocyte (80 µm) in early tertiary follicles of approximately 1 mm, and the number of LD increases gradually from the tertiary to the late tertiary follicle stage when the oocytes reach a size of >110 µm [32]. LD are composed of a neutral TAG core and a single phospholipid layer, often associated with various protein inclusions [18], such as the perilipin adipophilin tail-interacting protein family. PLIN 2 and PLIN 3 belong to the PAT family. PLIN2 prevents lipid degradation, thereby promoting lipid accumulation [33], and PLIN3 is associated with nascent LD when cells are challenged with an environment of high lipid levels [34]. Therefore, considerable variations in LD areas can be observed during maturation [35]. Approximately 15 h after attaining a luteinizing hormone (LH) peak, the number and size of LD increases and the mitochondria assemble around the droplets of the MI oocyte, which are then evenly distributed throughout the ooplasm. Approximately 24 h after attaining an LH peak, the MII oocyte generated from an ovulatory follicle, the LD, and the mitochondria reach a more central location [32]. A close spatial distribution of the endoplasmic reticulum (ER), mitochondria, and LD suggests a functional relationship between them in cattle oocytes [36]. LD may exhibit a dynamic distribution and relation to other organelles in the cell, which might change in accordance with the amount of FA they are submitted to [37].



Recently, we showed that the lipid content of Bos taurus oocytes increased in the first 4 h and remained similar until 24 h during IVM [38]. In Figure 1, we illustrate bovine oocytes during in vitro maturation (0, 4, 8, and 24 h of maturation) demonstrating meiotic maturation, lipid content, and mitochondrial activity.



The oocyte has a mechanism to prevent the depletion of lipid stocks due to the elevated energy requirements during early cleavage, which is probably mediated by PLIN2, as its expression is upregulated before and after the maturation stage in bovine oocytes [39]. As mentioned earlier, the storage of fatty acids in LD protects the oocytes from lipotoxicity, and if the mechanisms involved in LD formation/maintenance are impaired, oocyte maturation will also be impaired. For example, the loss of FABP3 and FABP7 (both of which are involved in FA uptake), or PLIN2 leads to an increase in the NADP/NADPH ratio, and reactive oxygen species (ROS) levels during hypoxia, which leads to cell death [40]. Although FFA β-oxidation is essential for promoting adequate oocyte development and the benefits of lipids and LD for oocyte maturation are well known, a remarkably high amount of LD can induce damage, resulting in low-quality embryos. Lipid accumulation is more evident in in vitro than in vivo maturated oocytes, where the lipid content is similar to that in immature oocytes [17]. Presumably, lipid accumulation in IVM oocytes is a consequence of the stress conditions in which COCs are subjected in vitro. Bos taurus oocytes showed a higher number of LD than Bos indicus oocytes, as did oocytes matured in medium supplemented with fetal bovine serum. It has been demonstrated that embryos from oocytes with a higher lipid accumulation also have a higher number of LD [41]. Due to the relationship between lipid content and cryotolerance, different strategies have been studied, such as the reduction and/or replacement of fetal bovine serum in the culture media [41] and supplementation with delipidating agents [42], among others. Although these strategies often result in reduced lipid content, improvements in cryotolerance are not always achieved. Thus, it is still unclear what the right amount of lipid is that is compatible with the best quality embryo and with the highest cryotolerance.



The lipid profile of the LD is also very important. It has been demonstrated that high-quality oocytes exhibit high levels of oleic acid, whereas in low-quality oocytes, there is a high level of stearic acid [36]. Therefore, it is necessary to improve the quality of oocytes and embryos by altering their lipid profiles by manipulating the diet or the composition of the maturation/cultivation media needs to be considered.



A well-established consequence of IVM is the failure of synchronization between nuclear and cytoplasmic maturation. Therefore, some research groups are working on developing pre-maturation systems for increasing the time for adequate cytoplasmic maturation. For example, the addition of 3-isobutyl-1-methylxanthine (IBMX) and forskolin (FSK) to maintain high levels of intracellular cAMP can prevent meiotic resumption, increase the competence of oocytes, and enrich the blastocyst rate [43,44]. High oxygen consumption, mitochondrial activity, and ATP levels as well as increased expression levels of genes involved in mitochondrial functions relative to oxidative phosphorylation were observed in oocytes after treatment with FSK and IBMX [44]. The lipid content of oocytes in the pre-IVM group was higher than that in the control. In addition, modifications in the gene expression of GCs after pre-maturation are associated with an increase in the developmental competence of bovine oocytes [43]. Conversely, the lipid content of blastocysts originating from the pre-IVM group was lower than that from the control (without pre-maturation). Additionally, an increase in the abundance of 10 unsaturated membrane lipids was observed in these blastocysts, which could be related to their improved quality [43].




4. Follicular Fluid


Follicular fluid (FF) composition may contain biomarkers for oocyte competence and embryo implantation potential [45]. The lipids in FF were suggested to be predictive of genetic merit for fertility in Holstein cows [46].



Previously, it was shown that human oocytes failed to cleave when FF exhibited decreased levels of lactate and choline/phosphocholine, increased levels of glucose and high-density lipoprotein (HDL), as well as high concentrations of total saturated fatty acids and low concentrations of total polyunsaturated fatty acids [47].



The lipid composition of blood serum and FF is positively correlated [48]. FFA within the blood serum enters the follicular fluid, which surrounds the developing oocyte and CCs, and is then taken up by the oocyte [18]. This probably occurs via membrane transporters, such as CD36 and SLC27A [10].



FF contains both HDL and FFA. HDL is the predominant source of cholesterol for granulosa and theca cell steroidogenesis and ovarian angiogenesis [49,50]. The most prevalent FFAs found in the serum and FF of high-yielding dairy cows are oleic, palmitic, and stearic acids [48]. However, it is important to emphasize that elevated concentrations of saturated fatty acids in the plasma and FF can impair cell survival by inducing the apoptotic signaling cascade [51], a phenomenon characterized by lipotoxicity.



Lipotoxicity is commonly observed in high-producing cows during the negative energy balance and in obese women, who consequently show high concentrations of FFA in FF. This phenomenon can be mimicked by the addition of saturated fatty acids such as palmitic, steric, and/or oleic acid to the in vitro maturation medium [52,53,54], resulting in oxidative stress, ER stress, and mitochondrial stress, with consequent stimulation of unfolded protein response (UPRer and UPRmt). The UPRs stimulate the additional production of chaperones to combat stress; however, under severe stress, the UPR induces programmed cell death. The addition of unsaturated fatty acids, such as α-linolenic acid [53] or mitochondria-targeted antioxidants, such as Mitoquinone [54], can minimize the effects of lipotoxicity and improve in vitro embryo production rates.



A primary defense system of the body against lipotoxicity is the storage of FFA in LD; therefore, it is possible to observe higher numbers of LD in oocytes from follicular fluid rich in fatty acids [55]. Likewise, not only the concentration but also the lipid profile of FF plays an important role in oocyte competence. For example, competent bovine oocytes exhibit significantly lower levels of palmitic acid (C16:0) and total FFA, and significantly higher levels of linolenic acid (C18:3n3) compared to FF from the oocytes that fail to form blastocysts [56] (Table 1). No difference was observed in the concentration of estrogen, progesterone, and testosterone in the bovine FF of yielding oocytes that failed to develop or that reached the blastocyst stage in vitro [56]. Moreover, human FF derived from follicles aspirated for IVP, from which the oocyte resulted in blastocysts and pregnancy after embryo transfer, have been shown to exhibit high levels of phosphatidic acid, triacylglycerol, and phosphatidylglycerol [45] (Table 1).



Recent studies have shown that bovine follicles larger than 8 mm have a greater ability to develop expanded blastocysts at D7 and their FF, and the embryos produced after IVF, have a higher lipid content. Higher levels of glucose, ROS, glutathione, and superoxide dismutase activity, and lower levels of triglycerides were also identified in FF from larger follicles. These results suggest intense lipid metabolism, since there is mobilization of triglycerides and high availability of glucose (a precursor of acetyl-CoA, which in turn is a precursor of triglycerides) to replenish the mobilized lipids. Lipid metabolism in FF seems to provide a favorable oxidant–antioxidant profile [59]. Short exposure to elevated levels of FFA in FF during final maturation in response to cow fasting provided a negative energy balance (NEB) similar to that observed post-partum. NEB results in massive lipid accumulation in cumulus cells, but lipid accumulation is not observed in oocytes because of the protection of CC. The lower lipid accumulation observed in oocytes could be attributed to the high levels of mobilized oleic acid (C18:1) observed in FF, which in combination with the induced lipid storage in CCs, may protect the oocyte against lipotoxicity [51].




5. Embryos


All mammalian species seem to use pyruvate, fatty acids, and amino acids as sources of energy for embryo development [18]. As in oocytes, mitochondrial activity is downregulated during early embryonic development; however, it is sufficient to meet the energy requirements with minimal production of ROS. This is in accordance with the “Goldilocks principle” [60], which suggests that the best embryos are the most energy-efficient in response to an optimal range of metabolic activity, corresponding to neither very low nor very high activity. In bovine embryos, to meet the energy requirement of the first cleavage, ATP is produced mainly through the uptake of pyruvate and lactate through the TCA cycle [61]. Oxygen consumption and ATP requirement increase as the embryo approaches the blastocyst stage [62], which is mainly due to the requirement for energy to form the blastocoel and to support protein synthesis necessary for embryo mass development [60]. Along with pyruvate, glucose consumption also increases significantly, although only a small amount is oxidized through the TCA cycle for ATP production [61]. The embryonic capacity for glycogen synthesis as an energy source for development is established from the 16-cell stage embryo, when an increase in the phosphorylation of glycogenic GSK-3a/b is observed, which reaches the highest level at the blastocyst stage [63]. Parallel to the increased glucose consumption in the metabolism of a blastocyst, increased production of lactate is also observed. Considering that embryonic development occurs under oxygenation, both in vivo (about 5% O2) and in vitro (5 or 20% O2), this phenomenon can be characterized as an “aerobic glycolysis” which defines the Warburg Effect [64]. Aerobic glycolysis is a less efficient mechanism for ATP production, but its importance will be discussed further. Additionally, it is important to highlight that this effect is more evident in embryos produced in vitro than in embryos produced in vivo or by superovulation in mice [64].



The lipid profiles of embryos during the first cleavage stage exhibit several similarities. However, at the 8- to 16-cell stage, when the bovine embryonic genome is activated, the lipid profile of the embryo is highly changed, which can be correlated to the activation of mechanisms that regulate lipid metabolism to prepare for its transition to the morula and blastocyst stages. Corroborating this information, it has been shown that a significant increase in LD occurs in the morula stage followed by a decrease in the blastocyst stage, a stage in which the demand for lipids is high [65].



The lipid content of IVP embryos is higher than that of their in vivo derived (IVD) counterparts. Abe et al. [66] showed that serum-containing medium, in contrast to serum-free medium, leads to abnormal accumulation of LD in early embryos and to problems after cryopreservation. The authors showed that after performing IVC in the presence of serum, embryos are produced with higher amounts of giant LD (>6 µm) and high levels of immature mitochondria [66]. In addition, Del Collado et al. [67] demonstrated that fetal calf serum in maturation medium leads to an up to 18-fold higher lipid concentration in oocytes compared to serum albumin, but in contrast to Abe et al. [66], both del Collado et al. and Choi et al. [67,68] found no changes in blastocyst or pregnancy rates after embryo transfer [68]. Furthermore, del Collado et al. [67] assumed in the same paper an influence on mitochondrial activity in an in vitro system. This is supported by other studies [69], which describe a correlation between higher mitochondrial activity in a subpopulation of matured oocytes with higher lipid content.



To avoid the use of fetal bovine serum (FBS) supplementation in IVC medium, several alternatives have been tested [65,70,71]. For example, the replacement of FBS with different concentrations of bovine serum albumin (BSA) results in better cryosurvival and differential relative abundance of developmentally important gene transcripts compared to embryos cultured in serum-containing media [70]. In another example, FBS was replaced with 0.05% sericin as a protein supplement during IVC, which reduced lipid content, but did not increase the re-expansion and hatching rates after vitrification/warming; however, the total cell number of blastocysts was highly similar to that of IVD embryos [71]. Until now, the composition of IVC medium, especially in terms of the protein source, has not been standardized among laboratories, which makes it difficult to compare different studies and results at the commercial level.



The comparison between IVP and IVD embryos is the best model for studying embryo quality. The lipid content of Bos taurus IVP and IVD embryos was higher than that of Bos indicus IVP and IVD embryos [58]. These differences between sub-species and embryo origin are supported by the differences observed in the lipid profile of the membrane and intracytoplasmic LD, gene expression, and cryotolerance among them [58,65]. Surprisingly, despite exhibiting high lipid content, Bos taurus embryos are more cryotolerant. In terms of the lipid profile, phosphatidylcholines (PC), especially PC (32:0), were less abundant and PC (34:2) was more abundant in IVD embryos of Bos taurus, thereby acting as negative and positive biomarkers for cryopreservation, respectively [58].



Different IVC supplementation strategies are being used to reduce the lipid content in bovine embryos, such as trans-10 cis-12 conjugated linoleic acid (CLA) and L-carnitine [8,42,72]. Although the lipid content in most cases was successfully reduced, it was not correlated with cryotolerance [8,72]. It is possible that the increase in lipid content is not causal for low cryotolerance but is a consequence of stress [72]. Conversely, [42] observed a better cryosurvival in embryos cultured in the presence of L-carnitine; however, no significant difference was observed in the pregnancy rates between treated and untreated embryos.



In vivo embryonic development occurs under low oxygen tension, with a balance of ROS and antioxidant substance production. When embryos are produced in vitro, especially at high oxygen tension (20%), an accumulation of ROS occurs, characterizing oxidative stress. Oxidative stress can produce harmful effects on embryonic development, and among these effects, we highlight metabolic alterations, such as the depletion of ATP levels, changes in ion channels, deleterious effects on protein synthesis, lipid peroxidation, alterations in membrane permeability, and alterations in mitochondrial and ER functions [73,74,75,76]. Recently, it was confirmed that the embryos produced in vitro under low oxygen tension are of better quality, and it was possible to show that these embryos present a higher metabolic activity, based on the upregulation of genes linked to cellular metabolism, especially lipids, sugars, and proteins [77].



Controversial results of blastocyst rates after L-carnitine (a cofactor of β-oxidation with antioxidant activity) supplementation during IVC were observed with respect to O2 tension [42,72,78,79]. Our research group hypothesized that the addition of 3.03 mM L-carnitine for 24 h during IVC under high oxygen tension would produce embryos of similar quality compared to those produced without L-carnitine under low oxygen tension. We observed that L-carnitine supplementation for 24 h was not sufficient to reduce lipid content, but IVC under low oxygen tension without L-carnitine produced embryos of better quality, which can be related to the nitric oxide concentration observed on day 9 of IVC. We hypothesized that the biological activity of NO, induced by low O2 tension, protected the embryos against ROS toxicity and thus provided a better environment for embryonic development until hatching [80].



Recently, it was demonstrated that the Warburg Effect could explain the improved quality and cryotolerance of embryos produced in vitro under low oxygen tension [81]. The authors demonstrated that the proteome of embryos produced at low oxygen tension showed upregulation of key proteins involved in glycolysis, pyruvate metabolism, fatty acid degradation, and inositol phosphate metabolism. The protein pattern was confirmed by the upregulation of genes involved in glucose transport (GLUT3), glycolysis intermediates/regulators, such as phosphofructokinase-1 (PFK1) and glyceraldehyde phosphate dehydrogenase (GAPDH), and in the conversion of pyruvate to lactate (LDHA). In addition, the higher cryotolerance observed in embryos produced under low oxygen tension was related to the lower accumulation of LD, which could be explained by the elevated expression of proteins involved in cholesterol synthesis (HMGCS1 and HMGCR), and fatty acid degradation (ACAT2 and ACSL4). The altered lipid metabolism observed may be related to increased fluidity of the plasma membrane of the embryo and a reduction in the number of cytoplasmic LD [81]. Thus, the importance of the Warburg Effect has been shown to involve much more than ATP production, since the intermediates and regulators of glycolysis generated by this reaction play an essential role in embryonic development.



Variations in the expression of genes involved in lipid metabolism in preimplantation bovine embryos, such as ACSL3, ELOVL5, and ELOVL6 [65], have been demonstrated in embryos at the morula and blastocyst stages. ACS (acyl-CoA synthetase) is an enzyme that activates complex lipid biosynthesis and beta-oxidation by adding the CoA group to the reaction. ACS has several isoforms that have specific functions based on their intracellular localization. ACSL3 is related to the formation of LD in embryos. Similarly, elongation of very-long-chain fatty acids (ELOVL) is associated with the embryonic membrane phospholipid composition [65], and ELOVL5 modulates intracytoplasmic LD [82].



To exemplify the importance of these genes in embryonic development, we can cite a study that added a positive modulator of ACSL3 (GW3965 hydrochloride) during IVC. The authors observed an increase in the lipid content of the expanded blastocysts, which led to an increase in cryosurvival, especially in low-quality embryos when subjected to vitrification [83]. Another study showed an increase in cytoplasmic lipid droplet deposition after transient gene expression knockdown of ELOVL5. Interestingly, no apparent deleterious effect on embryonic development and blastocyst cell number was observed, but a reduction in the expression of specific lipid genes was observed [82], demonstrating that further studies need to be conducted to clarify how altered lipid metabolism does not interfere with embryo quality.



An approach considered as a marker of embryo quality is the analysis of the kinetics of embryo development. It is well demonstrated that embryos that undergo early cleavage are more likely to develop into blastocysts [57,84], and this approach should help us to understand the correlation between embryo quality and lipid metabolism.



Recently, we showed that blastocysts generated from earlier embryo cleavage exhibit higher lipid content than later embryo cleavage [85]. Additionally, another group showed that the lipid profile, especially of phosphatidylcholines, was different between fast- and slow-growing embryos at the 8–16 cell stage. Moreover, IVD blastocysts exhibit a different lipid profile to IVP blastocysts, but unlike the other group, no differences in the lipid profile of fast-and slow-growing IVP blastocysts were observed [57]. These findings indicate that the lipid content and profile of the embryo are correlated with its quality, but the underlying biological mechanisms are yet to be well understood. In Figure 2, we illustrate bovine embryos during in vitro cultivation (2, 4, and 8 cells, morula and blastocyst) demonstrating DNA, lipid content, and mitochondrial activity.




6. Tubal Fluids


The oviduct is the organ where fertilization and embryonic development occur until approximately the fourth day after fertilization in cattle. The composition of the oviduct fluid (OF) varies between estrous cycle phases and, if altered, may influence processes involving sperm capacitation, fertilization, and early embryonic development [86,87]. During the early luteal phase, OF is composed of cholesterol, triglycerides, non-esterified fatty acids (NEFA), proteins, glucose, and lactate. OF and plasma have similar concentrations of NEFA in healthy cows that probably alter the lipid composition of oviduct cells [88]. Alterations in the oviduct microenvironment can affect embryo development; thus, it is comprehensible that alterations in feed composition also affect pregnancy establishment. Considering the scope of this review, we will focus on the lipid composition of the OF.



The oviduct contains a complex mixture of cholesterol, glycerophospholipids (phosphatidylinositol, PI; phosphatidylcholine, PC; phosphatidylethanolamine, PE; phosphatidylserine, PS), lysophospholipids (lysoPC, and lysoPE), sphingomyelins, and carnitines [87]. The origin and mechanisms involved in the accumulation of PL in the OF are not yet known, but they are believed to originate from cells of the oviduct epithelium and extracellular vesicles (EVs). The relationship between EVs and embryos could be verified after supplementation of the in vitro culture medium with EVs isolated from the oviduct of cows in the post-ovulatory period. It was demonstrated that embryos produced in the supplemented medium had a higher concentration of PC, SM, and PE of high molecular masses (PC 34:1, PC 36:4, and PC 36:3), than the medium not supplemented, similar to that of those found in the EVs [89].



The variation in the hormonal profile of females during the estrous cycle and its influence on animal behavior and physiology to establish and maintain pregnancy is well known. Recently, it was found that the lipid profile of the OF also varies throughout the estrous cycle and apparently occurs under endocrine regulation [87]. The participation of enzymes involved in the biosynthesis of phosphatidic acid (phospholipase c, diacylglycerol kinase, and phospholipase D2) in steroidogenesis reinforces the relationship between lipid metabolism and estradiol, a hormone present in high concentrations in the peri-ovulatory period [45]. It has been speculated that the lipid profile of the peri-ovulatory period is related to mechanisms that allow higher sperm fertility because spermatozoa are rich in long-chain fatty acids and are sensitive to changes in lipid profile in their environment [87]. Another example of the relationship between lipid profile and fertility and estradiol influence was demonstrated by Belaez et al. [57], who identified that cows with larger pre-ovulatory follicles and larger corpora lutea presented a higher pregnancy rate and a different uterine lipid profile than cows with lower fertility (Table 1).




7. Heat Stress


Exogenous stress, that is, stress acting on the animal system, usually has an indirect effect on oocytes and embryos, which is, therefore, more difficult to study. Extreme environmental conditions (i.e., heat stress), restrictive feeding, high physical strain, high milk production, and social stress are examples of exogenous stress that impact reproductive fitness. This phenomenon has been demonstrated in several studies [1,90]. However, the impact of these factors on the metabolism of oocytes, zygotes, and embryos is not yet understood. We assume that a large part of the different stress situations also primarily influences the energy metabolism of the animal. The mechanisms or the control points with which these imbalances are compensated or where adaptations occur could therefore be quite similar with regard to reproduction.



Heat stress, for example, affects animals because the heat generated during metabolism in the body is not sufficiently released into the environment. The influence of heat stress is likely caused by the adaptation of the animal to this condition. This adaptation occurs to a large extent by attempting to minimize endogenous heat production, thereby reducing food consumption, milk production, and weight gain [91]. This is ultimately associated with a reduction in energy metabolism. These systemic effects can affect the regulation of energy metabolism in oocytes or embryos, but the underlying mechanism has not yet been elucidated.



Our research group demonstrated some examples of how biological systems react to the adaptation process. For example, we showed that different tropical breeds [92] respond differently to the “stress” they are subjected to, especially under different housing conditions [93]. Additionally, the duration and intensity of in vitro thermal stress [94] exhibited an interesting pattern of oocyte and embryo development after maturation under cold and high temperatures. However, the biological processes involved are not yet completely understood, and we speculate that lipid metabolism can explain some of the open questions.



It is known that heat stress in the postpartum stage aggravates the NEB in high-yielding dairy cows. Despite the reduction in dominant follicle diameter, the biochemical concentrations of glucose, IGF1, urea, cholesterol, and NEFA are altered in the serum and FF of the dominant follicle. Specifically, total cholesterol was found to be lower, and NEFA levels were higher in cows under heat stress. All the alterations observed in FF after heat stress may result in inferior quality of oocytes and GCs [95].



Heat stress during the first 12 h of IVM hastened GVBD and GVBD is correlated with triglyceride and phospholipid content, independent of IVM temperature. In contrast, higher ATP levels were observed in heat-stressed oocytes after 24 h of in vitro maturation [96]. Under the experimental conditions of the aforementioned study, it was not possible to correlate the in vitro heat stress with lipolytic activity during oocyte maturation. However, the higher ATP production by oocytes matured under heat stress may be related to the increased beta-oxidation of fatty acids not detected in this study [96]. Additionally, bovine COCs subjected to heat stress during IVM exhibited transcriptional changes in oocytes that were related to changes in the electron transport chain and oxidative phosphorylation reactions. Moreover, mitochondrial disturbance and high ATP activity were observed in oocytes and early developing embryos, but not in blastocysts, probably because embryos with higher ATP content did not develop into blastocysts [96]. Therefore, there is a need for a better understanding of lipid metabolism under heat stress conditions.




8. Conclusions


Oocytes and cells in early-stage embryos rapidly differentiate. Therefore, several phenomena occur simultaneously, such as normal differentiation, which leads to the acquisition of fertilization competence, activation of the embryonic genome, differentiation into different cell lines, response to specific environmental conditions (stress and nutrition), and individual differences. The energy metabolism in oocytes and early embryos has a fundamental and significant impact on their developmental competence. Moreover, lipid metabolism, as the main source of energy and switch points to important regulatory pathways, is of central importance. Several factors (including in vitro vs. in vivo, exogenous stress, nutritional status) influence the quantity and composition of lipids. However, after many years of research, the mechanisms through which the lipid content and profile alter IVP embryo development are still not clear. It seems that the lipid profile is more likely to affect the embryo quality. This makes sense since certain lipids are also components of other pathways and a change in the lipid profile thus has an influence on developmentally relevant pathways in addition to the actual energy metabolism. Studies on junctions between energy metabolism and differentiation pathways (e.g., sirtuins) could provide new insights. Our knowledge, especially regarding the regulation and timing of changes in lipid metabolism, is limited. In in vivo conditions, the interaction between the oocytes with the intrafollicular milieu and the surrounding CCs appears to have a very significant impact on differentiation, timing, and synchronization. A simulation of these complex processes in vitro using currently available culture systems is not possible. In the field of basic research, three-dimensional culture models that have recently been developed and are ready for use, could help to recreate the in vivo conditions slightly better. Currently, however, we have to assume that the mechanisms underlying the regulation of lipid metabolism in vivo and in vitro may be distinct. Therefore, an efficient strategy to manipulate lipid metabolism has not been established to enhance the efficiency of IVP. Basic knowledge is still needed for further advances in the optimization of in vitro embryo production and related biotechniques in cattle and other species. Novel methodological approaches, especially the combination of dynamic-life cell studies using single-cell and downstream biochemical (e.g., lipid profiles) or molecular (e.g., RNA-seq) analyses might contribute to enhancing our knowledge in the near future.
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	Free fatty acids
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	reactive oxygen species
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Figure 1. Illustrative images of bovine oocytes during in vitro maturation (0, 4, 8, and 24 h of maturation) demonstrating meiotic maturation (nucleus configuration, Hoechst 33,342-blue; Sigma-Aldrich, Merck KgaA, Darmstadt, Germany), lipid content (Bodipy 493/503-green, Molecular Probes, Eugene, OR, EUA), and mitochondrial activity (MitoTracker® Orange-red, Molecular Probes, Eugene, OR, EUA) (vital staining, confocal laser scanning microscopy, Cardoso/Pöhland/Melo-Sterza, FBN-Lab). 
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Figure 2. Illustrative images of bovine embryos during in vitro culture (2, 4, 8 cell stage, morula, and blastocyst), demonstrating cell number (nucleus staining, Hoechst 33,342–blue; Sigma-Aldrich, Merck KgaA, Darmstadt, Germany), lipid content (Bodipy 493/503–green; Molecular Probes, Eugene, OR, EUA), and mitochondrial activity (MitoTracker® Orange–red; Molecular Probes, Eugene, OR, EUA) (vital staining, confocal laser scanning microscopy, Cardoso/Pöhland/Melo-Sterza, FBN-Lab). 
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Table 1. Concentration of specific lipid subclasses in tubal fluids and embryos associated with higher fertility.
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	Lipids
	Cell/Fluid
	Association with Higher Fertility
	Reference





	Higher

concentrations of the n-3 PUFA linolenic acid
	Follicular Fluid
	Oocyte competence—potential to develop to the blastocyst stage in vitro
	[56]

(bovine)



	Higher concentrations of Phosphatidic acid (PA; 745.5563 m/z)
	Follicular Fluid
	Pregnancy probability
	[45]

(woman)



	Higher concentrations of Triacylglycerol

(TAG; 773.6153 m/z)
	Follicular Fluid
	Pregnancy probability
	[45]

(woman)



	Higher concentrations of Phosphatidylglycerol (PG; 749.5693 m/z).
	Follicular Fluid
	Pregnancy probability
	[45]

(woman)



	Lower concentrations of Glucosylceramide (GluCer) (796.6948 m/z)
	Follicular Fluid
	Pregnancy probability
	[45]

(woman)



	Higher concentrations of Arachidonic acid

(C20:4n6)
	Follicular Fluid
	Oocyte competence—potential

of human oocyte to cleave.
	[47]

(woman)



	Higher concentrations of Stearic acid (C18:0)
	Follicular Fluid
	Oocyte competence—potential of human oocyte to cleave.
	[47]

(woman)



	Lower concentrations of palmitic acid (C 16:00)
	Follicular Fluid
	Oocyte competence—potential of bovine oocyte to develop to the blastocyst stage in vitro and of human oocyte to cleave.
	[56]

(bovine);

[47]

(woman)



	Lower concentrations of total saturated fatty acids
	Follicular Fluid
	Oocyte competence—potential of bovine oocyte to develop to the blastocyst stage in vitro and

of human oocyte to cleave.
	[56]

(bovine),

[47]

(woman)



	Lower n-6:n-3 PUFA ratio
	Follicular Fluid
	Oocyte competence—potential

of human oocyte to cleave.
	[47]

(woman)



	Lower concentrations of Arachidic acid (C20:0)
	Follicular Fluid
	Oocyte competence—potential

of human oocyte to cleave.
	[47]

(woman)



	Lower concentration of Phosphatidylcholines (PC 36:4; 38:7; 38:5; 40:7; 40:6)
	Uterus Fluid D4
	Present in cows with bigger pre-ovulatory follicle and bigger corpus luteum
	[57]

(bovine)



	Higher concentrations of Phosphatidylcholines (PC 32:0; 32:1; 34:4)
	Uterus Fluid D4
	Present in cows with bigger pre-ovulatory follicle and bigger corpus luteum
	[57]

(bovine)



	Higher concentrations Ceramides (CER 42:1)
	Uterus Fluid D4


	Present in cows with bigger pre-ovulatory follicle and bigger corpus luteum
	[57]

(bovine)



	Higher concentration of Phosphatidylcholines (PC 32:1; 35:2)
	Uterus Fluid D7


	Present in cows with bigger pre-ovulatory follicle and bigger corpus luteum
	[57]

(bovine)



	Higher concentrations of Sphingomyelins (PC 34:2; 34:1)
	Uterus Fluid D7
	Present in cows with bigger pre-ovulatory follicle and bigger corpus luteum
	[57]

(bovine)



	Higher concentration of Phosphatidylcholines—PC 34:2
	Blastocyst
	Potential for survival to cryopreservation
	[58]

(bovine)



	Lower concentration of Phosphatidylcholines—PC 32:0
	Blastocyst
	Potential for survival to cryopreservation
	[58]

(bovine)
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