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Abstract

:

Simple Summary


The in vitro production (IVP) of bovine embryos has increased in popularity in the past few decades with improvements in our ability to harvest oocytes from genetically elite heifers and cows, fertilize them in vitro, and successfully culture embryos to the stage where they can be transferred. One issue with IVP is that the efficiency of embryo production is less than ideal. One likely reason for the poor development of IVP embryos is the excessive exposure of oocytes and embryos to reactive oxygen species (ROS). These molecules are produced as a normal by-product of energy generation; however, excess accumulation of ROS during the IVP of oocyte and embryo culture will damage nucleic acids, lipids, and proteins in ways that compromise development potential and post-transfer embryo survival. Molecules that react with and block ROS-induced damage are commonly referred to as antioxidants. This review explores the use of five common antioxidants to limit ROS-induced damage and promote the IVP of embryos.




Abstract


The in vitro production (IVP) of bovine embryos has gained popularity worldwide and in recent years and its use for producing embryos from genetically elite heifers and cows has surpassed the use of conventional superovulation-based embryo production schemes. There are, however, several issues with the IVP of embryos that remain unresolved. One limitation of special concern is the low efficiency of the IVP of embryos. Exposure to reactive oxygen species (ROS) is one reason why the production of embryos with IVP is diminished. These highly reactive molecules are generated in small amounts through normal cellular metabolism, but their abundances increase in embryo culture because of oocyte and embryo exposure to temperature fluctuations, light exposure, pH changes, atmospheric oxygen tension, suboptimal culture media formulations, and cryopreservation. When uncontrolled, ROS produce detrimental effects on the structure and function of genomic and mitochondrial DNA, alter DNA methylation, increase lipid membrane damage, and modify protein activity. Several intrinsic enzymatic pathways control ROS abundance and damage, and antioxidants react with and reduce the reactive potential of ROS. This review will focus on exploring the efficiency of supplementing several of these antioxidant molecules on oocyte maturation, sperm viability, fertilization, and embryo culture.
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1. Introduction


The in vitro production (IVP) of bovine embryos has gained popularity over the past several decades in improving the accessibility and trade of valuable dairy and beef genetics. Over 1.5 million IVP bovine embryos were generated in 2021 [1]. The popularity of the IVP of embryos is occurring despite lingering concerns with the inefficiency of IVP, reduced post-transfer pregnancy rates, increased pregnancy loss, and the occasional elevated incidences of chromosomal abnormalities and large offspring syndrome [2,3,4,5]. These problems likely exist, at least in part, because we are not able to adequately mimic the oocyte maturation, fertilization, and embryo development processes that occur within the follicle, oviduct, and uterus.



Substantial research has investigated optimal media formulations for culturing embryos [6,7,8,9,10], but deficiencies in the system remain. We contend that additional culture supplements must also be considered to improve the developmental potential of the oocyte and embryo. One class of culture supplements that have been examined are antioxidants. These molecules manage reactive oxygen species. Reactive oxygen species (ROS) are normal by-products from oxygen metabolism produced by the electron transport chain. Cellular stress and/or imbalances of biological chemicals designed to prevent ROS-induced damage can damage DNA, proteins, and lipid bilayers in ways that compromise oocyte quality and maturation potential and reduce embryo development. The adverse effects of ROS are especially relevant during IVP because the repeated exposures to atmospheric oxygen concentrations, light, temperature, and pH alterations are noted sources of ROS production. This review will describe how ROS and other reactive molecules are produced, primarily during IVP, and illustrate how these reactive molecules are normally controlled within cells. We will also explore the efficacy of supplementing antioxidants to improve the efficiency of the IVP of embryos.




2. Formation of Reactive Species


The term “reactive species” refers to oxygen (O2) and nitrogen molecules that contain one or more unpaired electron(s). The term “free radical” refers to molecules that are highly reactive due to the unbound electron(s) attempting to regain electron stability by oxidizing with other molecules [11]. Nearly all biomolecules can react with free radicals, but nucleic acids, lipids, and proteins are the macromolecules most commonly oxidized by free radicals [12]. Another less commonly discussed category of reactive species are nonradicals. These molecules are less reactive than free radicals, but they remain important to discuss because they often serve as intermediates in oxidation and/or reduction reactions that generate and/or inactivate free radicals.



2.1. Reactive Oxygen Species


Numerous free and nonradical O2 species exist (Figure 1A), but those that are more commonly associated with cell damage include superoxide anion (O2•−), hydroxyl radical (•OH), hydroperoxyl, peroxyl, and alkoxyl radicals [11,13]. Oxygen nonradicals include hydrogen peroxide (H2O2), hypobromous acid, hypochlorous acid, ozone, singlet oxygen, organic peroxides, nitric oxide (NO•), peroxynitrite (ONOO−), and peroxynitrous acid [11,13]. Each of these ROS can be generated within various cellular compartments, but mitochondria are the main source of their production [14]. Mitochondria are necessary for the generation of adenosine triphosphate (ATP) in aerobic cells via oxidative phosphorylation events mediated by electron transport. As ATP is being generated, there is a constant low rate of electron escape from the proton gradient created with electron transport [15], and these electrons will quickly react with O2 to generate O2•−. An enzyme, termed superoxide dismutase (SOD), localized primarily in the matrix or inner membrane of the mitochondria, will convert this ROS to H2O2 [16]. This nonradical can move across the mitochondrial membrane through specific aquaporin channels called peroxiporins [17,18]. There are two mitigation pathways to reduce H2O2 into O2 and water (H2O). The first is the catalase (CAT) enzyme system. The catalase enzyme converts two H2O2 to generate O2 and H2O. The second is the glutathione (GSH) peroxidase (GPx) enzyme system, where GPx utilizes GSH as an electron donor to convert H2O2 to H2O. These intrinsic mitigation pathways will be discussed in depth later in this review. Extensive reviews of the chemical formation of ROS and production from oxidative phosphorylation exist [11,14,15,19].



The failure of these ROS enzyme systems to quickly react with these ROS molecules will enable them to generate other, more detrimental ROS (Figure 1A). A prime example is allowing O2•− to react with metal ions and iron–sulfur clusters that, in the presence of H2O2, will generate •OH [20]. Another example is when H2O2 reacts with chlorine ion (Cl−) to generate the highly reactive hypochlorite molecule or with transition metals, such as Cu or Fe, in Fenton and Haber–Weiss reactions to generate the highly reactive •OH [21,22]. Damage caused by •OH has received lots of attention because it rapidly damages nucleic acids, proteins, lipids, and carbohydrates. This damage is especially concerning because, to date, there are no known enzymatic processes identified to inactivate •OH.



While mitochondria are considered the main producers of cellular ROS, the endoplasmic reticulum (ER) is also an important organelle to consider when discussing ROS (Figure 1A). The ER handles protein structural modifications, including disulfide bond formation. Stressed ER will generate H2O2 from excessive oxidation that occurs from enzymes that control disulfide bond formation. There are also detrimental effects that ROS have on the primary and secondary structures of proteins [23,24,25]. These will be discussed later in this review.




2.2. Nitrogen Species


There are two reactive nitrogen species produced in the cytoplasm to highlight: NO• and ONOO− [26] (Figure 1A). Nitric oxide is a signaling molecule used for controlling vascular tone as well as for neurotransmission, immunity, and other cell signals [27]. Its production occurs from the metabolism of L-arginine into L-citrulline and NO• through a family of nitric oxide synthase enzymes localized within different tissues of the body [14,28]. In addition, NO• will generate the highly reactive radical, ONOO−, by reacting with O2•−. Peroxynitrite reacts quickly with several biological molecules, including electron transport chain complexes, which leads to their inactivation [29]. This and other reactive nitrogen species are as damaging as ROS, but less is known about their actions within the oocyte and embryo. Therefore, we will be focusing namely on ROS-induced damage from this point forward.




2.3. Detrimental Effects


As mentioned previously, the three main targets of ROS-induced damage are nucleic acids, lipids, and proteins (Figure 1B). The primary type of damage is DNA lesions, where alterations in the base structure occur [30]. This results in single-strand breaks (SSB) or, the more severe, double-strand breaks. The most common DNA modification from oxidative damage is the •OH reaction with deoxyguanosine at the C8 position to form 8-oxodeoxyguanosine (8-oxo-dG) [31]. Hydroxyl radicals also react with imidazole ring-opened products and specifically the C5-C6 double bond of pyrimidines and C8-C5 bonds of purines [32]. The repair of ROS-induced damage is controlled by various base excision repair, nucleotide excision repair, and nucleotide incision repair pathways [32,33]. Mitochondrial DNA (mtDNA) is keenly susceptible to oxidative damage given its close proximity to ROS production and the lack of histones, which play a protective role in ROS-induced damage [34]. Oocytes are particularly susceptible as they contain over 100,000 mitochondria compared to other cells within the body that contain 1000–2500 mitochondria [35].



The DNA methylome is another target for ROS-induced damage. An overall hypomethylation phenomenon occurs with ROS-induced damage, primarily because the pre-described ROS-mediated creation of 8oxy-dG will prevent cytosines within CpG islands from being methylated [36,37]. The indirect route of ROS-induced damage occurs because ROS target S-adenosyl methionine (SAM), a commonly used methyl donor, thus reducing the methylation potential. Other indirect actions of ROS include targeting the enzymes that control demethylation and remethylation DNA methyltransferases (DNMTs) and ten-eleven translocation (TETs) [37]. These aspects are extremely important during early embryogenesis as the mammalian embryo undergoes massive epigenetic reprogramming prior to implantation. Demethylation is rapid in the paternal chromatin (before first cleavage) and slower in the maternal chromatin (first few cleavages), and then a de novo re-methylation process must take place before the embryo forms a blastocyst [38]. Blastocyst formation also requires reconstruction of the methylation landscape within the inner cell mass (ICM) and trophectoderm (TE) [38]. These methylation events are sensitive to external environmental disturbances, including ROS-induced damage.



Another major target molecule for ROS are the lipid bilayers of the cell, mitochondria, nucleus, and other organelles. The primary ROS involved with this damage is •OH, where a peroxidation reaction occurs within lipid methylene groups [39]. This lipid peroxidation compromises membrane fluidity, damages its functional integrity, and limits the ability of membrane-bound proteins (e.g., receptors, ion channels) to function properly. Another source of lipid-targeted ROS-induced damage occurs when various ROS react with O2. This generates a peroxyl radical, which will react with polyunsaturated fatty acids to form hydroperoxide (HOO−) and alkyl radicals [40]. This type of damage is very concerning because the resulting production of HOO− and alkyl radicals causes a feed-forward reaction, where these radicals will react with nearby fatty acids to generate more radicals [41]. Additionally, excessive production of ROS will compromise mitochondrial permeability transition (mPT) pores. This alters the conductance state of the mitochondria. Low conductance is reversible, but high conductance produces an accumulation of calcium that causes irreversible transmembrane potential that leads to apoptosis due to the release of cytochrome-c that activates the caspase pathway [42].



Protein damage by ROS occurs in several ways. Protein oxidation begins with the reaction of •OH to generate an alkyl radical. The alkyl radical reacts with O2 to generate a peroxide radical. Further reaction with an adjacent protein forms a HOO− and alkyl radical that can further generate an alkoxy radical [40]. Oxidative stress and production of •OH can cause protein modification and loss of conformation through the oxidation of amino acid side chains, protein cross linkage, and protein fragmentation [40,43,44]. Conformational changes in proteins can lead to aggregation, fragmentation, distortion of secondary and tertiary structure, and diminution of normal function [44]. Loss of enzymatic activity can happen as a result of conformational change [40]. These factors contribute to the formation of disease states (Figure 1B).




2.4. Accumulation of Reactive Species with In Vitro Production


Oxidative phosphorylation is the primary source of energy used in embryo development between the 1-cell and morula stages [45]. Embryos that are more metabolically active early in development generate more ROS [46]. Although these embryos may develop at a similar or even greater rate than other embryos, they often may not have the ability to generate pregnancies at the same efficiency as embryos that will develop properly with less energy demands. These embryos with reduced metabolism are coined as “quiet” embryos [46]. A presumptive reason why these “quiet embryos” contain greater competency for generating pregnancy is because they have undergone less oxidative damage, thanks to their low metabolic rate [30]. In recent years, the quiet embryo hypothesis has been re-evaluated and is now more often referred to as the “Goldilocks Hypothesis” because the “ideal” embryos are those that do not require too much or too little energy during the early stages of development [47]. Another intriguing feature of IVP systems is that most IVP embryos have greater glycolytic activity than embryos developing in utero [48]. This is from increased exposure to atmospheric O2 that increases consumption of pyruvate and subsequently increases ROS production [49]. Overall, the metabolic activity is used to indicate pregnancy success from IVP embryo [50].



Various external environmental factors contribute to the excess accumulation of ROS during IVP, and these factors undoubtedly contribute to the suboptimal development of these embryos. Some of the best studied factors include exposure to atmospheric O2 conditions, ultraviolet (UV) light, and alterations in temperature and pH. Oxygen conditions vary between 2 and 9% within the reproductive tract in mammalian species [51]. One of the major hurdles in overcoming limitations with the IVP of embryos occurred by culturing embryos in 5–6% O2 rather than in atmospheric O2 (21%). A summary of findings from four studies where embryos were placed in 5% or 20% O2 conditions (Figure 2) illustrates just how profound the improvement in the IVP of bovine blastocyst development can be when embryos are maintained in low O2 conditions [7,52,53,54,55].



Most IVP protocols employ atmospheric O2 during in vitro maturation (IVM) and in vitro fertilization (IVF) as low O2 conditions will generally reduce embryo production efficiency [56,57,58]. However, there is evidence suggesting that lower O2 tension is at least as proficient and, in some instances, may be preferred to culturing oocytes in high O2. At least two reports have found that oocyte competency can be restored in oocytes cultured in low O2 by modifying glucose concentrations in the maturation medium [56,57]. A recent abstract also indicated that reducing O2 concentrations during IVM and IVF improves the cryosurvivability of embryos produced with IVP [59]. These findings indicate that further investigation into the merits of using low O2 conditions during IVM and IVF may be warranted, especially if we consider endpoints other than embryo development.



Embryos are also suspectable to light damage. Fluorescent lighting contains UV rays, and as little as 3 min of exposure to UV light decreased development of hamster embryos [60]. There is a direct link between UV radiation and DNA damage, where photosensitizers will stimulate ROS production and lead to oxidative DNA damage [61]. When light strength was reduced, blastocyst yield was increased compared to greater intensities and lower ROS production occurred [62,63]. Additionally, altered light exposure may reduce the stress caused by light [64].



Adequate pH balance and proper temperature are key for optimizing IVP success. Media utilized for IVP have been equilibrated under CO2 gas to maintain a pH to support embryonic growth. In mammalian cells, intracellular pH is regulated by HCO3−/Cl− exchangers and Na+/H+ exchangers [65]. This is especially important in the oocyte and early developing embryo. One study determined that denuded oocytes lack the ability to maintain an internal pH of 7.1 compared to blastocysts [66]. Therefore, removal of IVP plates to manipulate, apply treatment, or undergo a necessary procedure (e.g., fertilization) for oocytes and embryos can influence pH and embryo developmental potential. Covering media with mineral oil not only limits media evaporation but it also can assist with maintaining the pH [67,68]. Without the utilization of mineral oil, the pH can increase within the first 1–2 min of plates being exposed to a non-gassed atmosphere and take 30–35 min to re-equilibrate [69]. Using mineral oil increases the allotted time before media begin to increase in pH level, where small increases are seen to start after 10 min of atmospheric exposure when oil is not used [67,70]. Another important consideration to keep in mind is that ROS production within embryos can alter the pH gradient within the mitochondria as changes in electron transport and, ultimately, the establishment of the H+ gradient will be altered when ROS production is elevated [71,72]. Temperatures for IVP culture systems occur close to rectal temperatures in cattle (37–39 °C), even though cultures at lower temperatures do impact embryonic development [73]. However, fluctuations in culture temperatures contribute to detrimental embryonic development [74]. During IVM, mouse and human oocytes are more susceptible to temperature fluctuations that can result in disruption of meiotic spindle assembly [75,76]. An important note to include is that temperature fluctuations may alter metabolic activity. In one study, bovine blastocysts cultured at lower temperatures (37 °C) had reduced amino acid consumption and production [77]. Additionally, GPx activity was reduced in lower culture temperatures (36.5 °C vs. 38.5 °C) [78]. Therefore, it can be deduced that altered/elevated temperatures subsequently increase ROS production (e.g., alterations in mitochondria) and that stable/lowered temperatures reduce ROS accumulation as metabolic demands are lowered. Regardless, both pH and temperature are external environmental factors that can be controlled to improve IVP.



Cryopreservation is another source for ROS accumulation within embryos. This procedure clearly has substantial benefits, including preservation of genetic material, ease with transport around the world, and as a convenience for completing ET. However, cryopreserved bovine embryos are less successful at generating a pregnancy than non-frozen embryos produced by IVP [4]. The oxidative stresses produced include the accumulation of H2O2, NO, and O2•− [79]. As discussed previously, these and other ROS are linked to proteomic, epigenetic, transcriptomic, and genomic changes in bovine embryos [80,81]. On a related topic, ROS accumulation also occurs in cryopreserved semen and subsequent damage caused by ROS includes alterations in calcium fluxes and membrane fluidity, integrity, and permeability [82].





3. Intrinsic ROS Mitigation Systems


There are three key enzymes that reduce ROS accumulation within cells (Figure 3A). The first is SOD. It reduces O2•− to O2 and H2O2. Three isoforms exist: SOD1 (Cu/Zn-SOD; cytoplasm and nucleus localization), SOD2 (Mn-SOD; mitochondria localization), and SOD3 (EC-Cu/Zn-SOD, extracellular) [83]. Copper (Cu2+) is used as cofactor for SOD1 and SOD3 in a 2-step process where Cu2+ is reduced to Cu1+ to oxidize an O2•− molecule to O2, and then Cu1+ is oxidized to Cu2+ by reducing a second O2•− molecule into H2O2 [84]. Iron is used as a cofactor by SOD2 to achieve the same result [85]. The second ROS mitigating enzyme system is the catalase (CAT) system. Its function is to further reduce H2O2 generated by SOD and convert it to H2O and O2 [12]. The third set of ROS mitigating enzymes are those enzymes that utilize GSH. This is tripeptide thiol antioxidant that is generated by most cells through two ATP-dependent reactions: one that involves the formation of glutamate cyclase and a second that adds glycine and γ-glutamylcysteine. The formation of GSH is controlled by substrate availability, with cysteine availability usually being the rate-limiting substrate [86,87]. The renewal of GSH occurs through the γ-glutamyl cycle. This process works through enzymatic control by glutathione peroxidase (GPx) that oxidizes GSH to remove H2O2 and generate H2O molecules. The oxidized form of GSH, GSH disulfide (GSSG), is enzymatically reduced by GSH reductase to GSH [88]. Eight GPx family members exist in mammals [15].



These GSH-based enzyme systems are essential for supporting oocyte and early embryonic development. Stores for GSH begin to rise during germinal vesicle breakdown, peak during metaphase II, and decline during zygote formation. Cytoplasmic GSH is at its lowest during the 2 to 8-cell stages and increases thereafter [89,90]. Elevated stores of GSH are necessary during maturation, fertilization, and early development as they are essential for forming, maintaining, and protecting meiotic spindles, reducing the disulfide bonds of the male pronucleus after fertilization, and supporting development past the 2-cell stage [91,92,93,94,95]. As mentioned, de novo synthesis of GSH can occur in most cells. The oocyte accumulates GSH until it matures to the MII phase. Afterwards, no new GSH is produced until after implantation in the mouse [96]. Transport of GSH components and extracellular GSH is facilitated by the transport from blood plasma to the follicles and uptake by cumulus cells and transport through gap junctions to the oocyte. Removal of cumulus cells debilitates the oocytes’ capabilities to synthesize GSH [97,98].




4. Antioxidants Examined in Bovine Embryos


The first calf produced by IVP was born in 1981, and since then a substantial amount of emphasis has been placed on improving efficiency rates and success in developing embryos produced by IVP. Many putative, as well as well-established, antioxidants have been characterized for their ability to improve bovine IVP systems. We have identified five antioxidants that have been heavily highlighted for their antioxidant potential in bovine IVP systems (Figure 3B). The section will provide a brief overview of the biological and antioxidant activities of each molecule and a final section will present findings from using these antioxidants during bovine IVP. Several additional antioxidants could have very easily been included in the following discussion. Melatonin and Resveratrol are excellent examples of other antioxidants studied extensively during IVM. Reviews of these molecules already exist [99,100,101,102], so we decided to focus our discussions away from these antioxidants.



4.1. Cysteine


Cysteine is the rate-limiting amino acid in GSH production. It is an unstable molecule outside of the cell which undergoes auto-oxidation to form cystine [103]. However, cystine can be reduced back to cysteine within the cell by reacting with β-mercaptoethanol or cysteamine [87,104]. One common way to provide supplemental cysteine is by supplementing N-acetyl cysteine (NAC). Within the cell, NAC is deacetylated to from cysteine. A direct action of NAC also exists, and the presence of a thiol group permits NAC to serve as an electron donor for reactions with •OH, H2O2, and other ROS [105]. Transport of NAC into the cell occurs without the facilitation of a carrier protein [105,106]. It is important to note that NAC is unable to maintain sufficient levels of cysteine to maintain adequate stores of GSH.




4.2. Cysteamine


Cysteamine is another component of GSH, so it is not surprising that, like cysteine, it has been explored as an antioxidant in bovine oocytes and embryos. One of its main functions is to facilitate cysteine availability in two ways: by reducing cystine to cysteine within cells and promoting cysteine uptake by cells [90,107,108].




4.3. Selenium


Selenium (Se) is a trace mineral that acts as a cofactor for several enzymes. Its consideration as a molecule with antioxidant potential is proposed because it is a cofactor for GPx1/2/3/4 [109]. As previously discussed, GPx regulates H2O2 concentrations [110,111]. Selenium deficiencies are associated with infertility in humans [112,113]. Consumption of Se, when not provided in a supplement, is dependent on soil content and absorption into crops and animals [112]. If not provided, Se deficiencies can alter hormonal profiles and decrease pregnancy success rates [114]. Selenium is provided in the form of an inorganic compound (e.g., sodium selenite) or as organic compounds (Se yeast, selenomethionine, selenocysteine) [115,116,117]. Organic Se has easier absorption and higher bioavailability, while inorganic Se is more cost effective [118]. For both organic and inorganic Se, the common intermediate is selenide. Inorganic selenite is easily reduced to selenide by red blood cells. Selenide produced from red blood cells will be excreted into the bloodstream and bound to albumin for further processing within the liver [117]. Unlike selenite, inorganic selenate is not readily reduced to selenide. Instead, selenate is transferred directly to the liver. Both selenide that is derived from inorganic selenite and selenate are utilized by the liver for the synthesis of selenoproteins and cellular GPx [117].




4.4. Hypotaurine


Hypotaurine (HTU) functions as an antioxidant outside of the scope of SOD, CAT, and GSH. It is a nonessential amino acid generated from cysteine degradation and pantothenate synthesis [119,120]. Hypotaurine is the precursor for taurine production, and this dehydrogenase reaction requires H2O2 as a substrate [119]. This HTU to taurine reaction will occurs by using O2•− and hydrogen ions as substrates, and the peroxytaurine intermediate is rapidly converted to taurine and H2O2. Hypotaurine also acts through a nonenzymatic pathway to directly react and inactivate •OH [121]. The presence of HTU synthesis in gametes and embryos and its presence within the reproductive tract are primary reasons as to why it has been tested for is antioxidant activity in bovine IVP systems [122].




4.5. Zinc


Zinc (Zn) is an essential trace mineral involved in numerous cellular functions, including as an enzyme cofactor for DNA methylation, DNA repair, and apoptosis [109,123]. Chronic deprivation of Zn leads to increased oxidative-mediated cell damage [124]. To offset dietary deficiencies, Zn has become a common feed ingredient without inducing Zn toxicity and is provided as organic or inorganic supplements [125]. Bulls supplemented with Zn had improved sperm motility compared to non-supplemented males [126]. Adequate Zn in diets is needed in cattle to limit placental retention after calving [127,128]. As mentioned, Zn is a main cofactor for SOD1 and SOD3. It does not act as an electron donor but rather is required to provide the proper tertiary structure for SOD1/3. An adverse oxidative reaction occurs if the tertiary structure is disrupted where Cu becomes unbound in SOD1/3. Copper then reacts through a Fenton-like reaction, enabling it to generate •OH that is heavily reactive towards biomolecules [129,130]. While the Fenton reaction can induce ROS production from excess Cu, deficiencies in Cu are also attributed to inefficient oxidant removal as it is a cofactor for SOD1/3 [131,132]. Therefore, sufficient levels of Zn are necessary to maintain SOD1/3.





5. Antioxidant Potential to Improve Bovine IVP Systems


5.1. IVM


Trace minerals are present in IVM media formulations that contain serum. Also, conventional media formulations (e.g., M199) usually contain HTU, cystine, cysteine, and GSH. However, the premise for testing these and other antioxidants during IVM is warranted because these conventional media were not originally designed as oocyte culture media. With that said, some antioxidants have not been examined in detail. Hypotaurine, for example, failed to alter oocyte GSH concentrations when provided during individual oocytes per culture drop during IVM [133], and outcomes like this have undoubtedly reduced enthusiasm for studying this antioxidant during IVM.



Cysteine and cysteamine have been widely researched because of their need for generating GSH within the cell. Supplementation of cysteine during IVM improved oocyte development by increasing the percentage of oocytes that reached metaphase II [92,134,135,136,137]. This supplementation scheme, however, does not always improve bovine blastocyst yield [135,138,139]. Positive effects of cysteine on blastocyst formation are observed more often in stressed environments, such as heat-stressed culture systems [79]. When supplemented during maturation, the cysteine analog, NAC, also improved embryo cleavage and blastocyst development comparable to cysteine [139,140]. Cysteamine appears to be very important for controlling GSH concentrations within the bovine oocyte. Sovernigo et al. (2017) reported that using cysteamine during IVM decreased ROS concentrations and increased GSH concentrations in bovine oocytes [141]. Other studies determined that cysteamine supplementation improved oocyte competency and maturation, increased blastocyst development, improved cryosurvivability, and reduced the adverse effects of prolonged exposure to elevated oxygen tension [9,90,103,135,138,142,143,144,145].



There are only a few studies that explored Se supplementation during IVM. One of these studies combined Se with other trace minerals (Cu, manganese, Zn) [146]. Cleavage rates were not impacted by this cocktail, but improvements in blastocyst formation, cell number, and reduced ROS concentrations were detected on day 8 blastocysts [146]. Another study where Se was the only supplement used had improved blastocyst development with a concentration of 10 ng/mL [147]. When Se was provided at 10 ng/mL during IVM, improvements in cumulus cell viability were observed when compared with lower concentrations, although this treatment group had greater lipid peroxidation compared to lower concentrations. Additionally, oocytes cultured with 10 ng/mL had the greatest intracellular GSH compared to any other treatment [147]. Another study evaluated Se at 10 ng/mL under heat-stressed conditions. Selenium supplementation improved nuclear oocyte maturation compared to the heat-stressed control, with a greater number of oocytes reaching the MII stage [148]. During this study, GPx4, SOD, and CAT had upregulated transcription levels that reduced ROS accumulation [148].



The supplementation of Zn during IVM benefits subsequent IVF and in vitro culture (IVC) success. One study found that Zn supplementation at the time of IVM increased subsequent cleavage rates and blastocyst formation [149]. This work also identified increases in blastocyst cell numbers in Zn-treated cumulus oocyte complexes [149]. Interestingly, no differences in intracellular GSH concentrations were detected with Se supplementation, but there was less damage observed in cumulus cells cultured with Zn [149]. A related work identified that Zn supplementation during IVM reduced apoptosis and increased SOD activity in cumulus cells [150,151]. In buffalos, Zn supplementation during IVM supports both oocyte maturation and subsequent blastocyst formation [152].




5.2. IVF


Selenium, HTU, and Zn have been examined for their abilities to improve IVF success. The studies focusing on Se and Zn actions were primarily focused on examining how they influence sperm viability and binding to the zona pellucida. Indeed, one study evaluated Cu, Mn, Se, Zn, and a cocktail containing all of these trace minerals [153]. The cocktail mixture did not improve sperm viability, membrane integrity, acrosomal status, or zona pellucida binding [153]. Interestingly, individual supplementation of Cu, Se, or Zn improved sperm binding [153]. While this study did not evaluate pairings of antioxidants, it would be interesting to investigate Cu and Zn supplementation together as they are cofactors for SOD1. Nonetheless, further work seems warranted to explore whether these same outcomes can be obtained in laboratories that may use slightly or substantially different IVF protocols.



Hypotaurine seems like a favorite antioxidant of choice during IVF, and sperm viability is the primary target of its actions. Most laboratories use cryopreserved bovine semen, and adding HTU to the sperm cryopreservation mix improves post-thaw survivability, improves the onset and completion of capacitation, reduces premature chromatin decondensation, limits DNA fragmentation, and reduces the presence of nuclear vacuolization [154]. Supplementation of HTU is also used after sperm is thawed. Its inclusion during IVF improves survivability and reduces chromatin decondensation, DNA fragmentation, and nuclear vacuolization [154]. However, its presence during IVF may produce adverse outcomes. One study supplementing HTU during IVF contained a reduced fertilization rate and increased incidence of polyspermy [133]. Despite this, the promise of HTU as a beneficial antioxidant during IVF is why it is included in the penicillamine, HTU, epinephrine (PHE) cocktail that is used by many laboratories. Penicillamine improves bovine sperm viability and epinephrine facilitates sperm motility [155,156]. Researchers reported mixed results as to whether sperm motility is affected by PHE treatment, but PHE was still able to improve early embryonic development [157,158,159].



Hypotaurine is not the only antioxidant studied for its ability to function during sperm cryopreservation. For example, GSH supplementation improved sperm motility, progressive sperm motility, average velocity, and progressive linear velocity [160]. This GSH supplementation did not, however, improve cleavage or blastocyst rates [160], suggesting that GSH may provide more of a benefit when cryopreserved semen is thawed and inseminated into cattle rather than used for IVF.



Zinc deficiency impairs sperm motility, morphology, and viability in the reproductive system [128,161]. This provides ample justification for supplementing Zn during IVF, although it is unclear whether Zn benefits or hinders IVF success. Stephenson and Brackett reported that supplementing 1 µg/mL of Zn chloride inhibited fertilization success by interfering with calcium oscillations [162]. This may be caused by the interference of Zn efflux that is important for regulating intracellular pH and calcium entry. Also, supplementing Zn during IVF may compromise Zn flow. Zinc efflux during fertilization is referred to as the Zn spark and is required to assist in the resumption of meiosis II and assist in blocking polyspermy [163,164]. However, at least one recent report has not observed a detrimental effect of Zn supplementation, with sperm viability and progressive motility staying elevated at 0.8 μg/mL 6 h after thawing and increased zona pellucida binding [128]. That same study did not observe any positive effects on embryonic development when Zn was supplemented in IVF [128]. Based on these findings, it seems ill-advised to supplement Zn during IVF. There are other examples where antioxidants may produce harmful outcomes during IVF. Cysteamine supplementation, for example, hinders sperm quality, compromises pronuclear formation, and ultimately reduces blastocyst development [165].




5.3. IVC


It is interesting that only a limited number of studies have explored antioxidant supplementation during IVC. Antioxidants have been explored during IVC for their ability to limit and/or correct adverse cellular damage caused by heat stress (see [166] for review), but their inclusion is otherwise rare. The rare cysteine and cysteamine supplementation studies have resulted from their inability to manipulate intracellular GSH concentrations during early embryo development [103,139]. At least one study observed reduced blastocyst development after cysteine supplementation [103].



There have been efforts to explore Se and Zn for their abilities to improve IVC success. Studies evaluating Se have used it in conjunction with a serum substitute mix containing insulin/transferrin/Se (ITS). Several studies found that ITS improves blastocyst development [167,168,169,170,171,172,173]. Our laboratory recently identified that Zn supplementation did not impact blastocyst yield but improved blastocyst ICM, trophectoderm, and total cell number compared to control [174]. Further work is needed to verify whether Zn supplementation is useful in different IVC culture conditions, but perhaps more importantly, this work shows that measurements of embryo quality (e.g., cell number and ICM/TE distribution) require more attention as we and others pursue antioxidant activities in bovine IVP systems.



There has been some work involved in supplementing SOD or CAT during IVP, but no benefits of these supplements have been observed [139]. There have, however, been a few studies that have identified positive outcomes from supplementing GSH during IVC. In one study, GSH supplementation did not improve cleavage rates or blastocyst development but improvements in the total cell number and ICM numbers were detected in GSH-supplemented blastocysts [175]. Another study did observe increases in cleavage and blastocyst rates when using a heavy isotope-labeled GSH (GSX) [176]. It is intriguing to consider that antioxidant treatments that only function outside of the cell may be beneficial to in vitro embryo development. More work is needed to explore this in greater detail.





6. Conclusions


This review provides ample evidence supporting the contention that oxidative stress hinders bovine IVP outcomes (Figure 4). Stresses likely include temperature fluctuations, exposure to atmospheric O2, UV light, pH changes, and cryopreservation-induced cell damage. These and other factors contribute to the generation of ROS. If left uncontrolled, these reactive molecules can damage nucleic acids, lipids, and proteins. If controlled, however, the degree of damage can be limited and quickly corrected. There are several enzyme systems within all cells, including the oocyte and embryo, which mitigate ROS-induced damage.



This review highlighted how five antioxidants may be used within bovine IVP systems to mitigate ROS-induced damage. Studying antioxidant supplementation during IVM has been complicated by the presence of several antioxidants within commonly utilized media formulations. Those media formulations contain trace minerals, again making it difficult to determine if supplementing additional trace minerals is beneficial. However, even with these complications, there is good evidence suggesting that supplementing cysteine, cysteamine, Se, or Zn may have the ability to mature oocytes to be fertilized, cleave, and produce blastocysts. There also is good evidence to support the contention that supplementing Se and/or HTU will improve sperm activity, thereby improving IVF success. It is less clear if Zn supplementation during IVF is beneficial or detrimental. There are numerous studies exploring antioxidant use for mitigating ROS-induced damage during IVC when bovine embryos are exposed to stressors, namely heat stress, but much less work has been completed when examining IVC events in the absence of intense stressors. Sufficient evidence exists to propose that supplementing Se as part of the ITS serum substitute mix during IVC improves blastocyst development. It is unclear, however, specifically which ingredient in the ITS cocktail is responsible for this improved development. There is also some evidence suggesting that Zn supplementation during IVC may improve bovine blastocyst cell numbers and that GSH supplementation may be acting outside of the cell through some undefined means to promote bovine embryo development.



To conclude, it is difficult to make any firm recommendations for supplementing any one or a specific set of antioxidants in bovine IVP systems. The work we have presented here indicates that opportunities exist to promote bovine IVP success using antioxidant supplementation strategies; but, what may work in one bovine IVP system may not work in other systems. Most bovine IVP systems have been tailored to work within specific laboratory conditions, and each laboratory likely will need to undergo empirical testing to identify the specific antioxidant combination that works best for their system.







Author Contributions


Writing—original draft preparation, J.A.K.; writing—review and editing, J.A.K. and A.D.E.; funding acquisition, J.A.K. and A.D.E. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by Agriculture National Institute of Food and Agriculture Grants, grant numbers 2021-67015-34485 and 2023-67011-40399, from the USDA National Institute of Food and Agriculture (NIFA).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors thank Robert A. Cushman, USDA, ARS, U.S. Meat Animal Research Center, Clay Center, NE 68933, USA, for reviewing this manuscript.




Conflicts of Interest


The authors declare no conflicts of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Nemcova, L.; Rosenbaum Bartkova, A.; Kinterova, V.; Toralova, T. Importance of Supplementation during In Vitro Production of Livestock Animals. In Theriogenology—Recent Advances in the Field; IntechOpen: London, UK, 2023. [Google Scholar]

	



Kępka, K.; Wójcik, E.; Wysokińska, A. Assessment of the Genomic Stability of Calves Obtained from Artificial Insemination and OPU/IVP in Vitro Fertilization. Reprod. Domest. Anim. 2023, 58, 1289–1297. [Google Scholar] [CrossRef] [PubMed]

	



Tšuiko, O.; Catteeuw, M.; Zamani Esteki, M.; Destouni, A.; Bogado Pascottini, O.; Besenfelder, U.; Havlicek, V.; Smits, K.; Kurg, A.; Salumets, A.; et al. Genome Stability of Bovine in Vivo-Conceived Cleavage-Stage Embryos Is Higher Compared to in Vitro-Produced Embryos. Hum. Reprod. 2017, 32, 2348–2357. [Google Scholar] [CrossRef] [PubMed]

	



Hansen, P.J. The Incompletely Fulfilled Promise of Embryo Transfer in Cattle—Why Aren’t Pregnancy Rates Greater and What Can We Do about It? J. Anim. Sci. 2020, 98. [Google Scholar] [CrossRef] [PubMed]

	



Ealy, A.D.; Wooldridge, L.K.; McCoski, S.R. BOARD INVITED REVIEW: Post-Transfer Consequences of in Vitro-Produced Embryos in Cattle. J. Anim. Sci. 2019, 97, 2555–2568. [Google Scholar] [CrossRef] [PubMed]

	



dos Santos, É.C.; da Fonseca Junior, A.M.; de Lima, C.B.; Ispada, J.; da Silva, J.V.A.; Milazzotto, M.P. Less Is More: Reduced Nutrient Concentration during in Vitro Culture Improves Embryo Production Rates and Morphophysiology of Bovine Embryos. Theriogenology 2021, 173, 37–47. [Google Scholar] [CrossRef]

	



Thompson, J.G.E.; Simpson, A.C.; Pugh, P.A.; Donnelly, P.E.; Tervit, H.R. Effect of Oxygen Concentration on In-Vitro Development of Preimplantation Sheep and Cattle Embryos. J. Reprod. Fertil. 1990, 89, 573–578. [Google Scholar] [CrossRef] [PubMed]

	



Steeves, T.E.; Gardner, D.K. Temporal and Differential Effects of Amino Acids on Bovine Embryo Development in Culture1. Biol. Reprod. 1999, 61, 731–740. [Google Scholar] [CrossRef] [PubMed]

	



Oyamada, T.; Fukui, Y. Oxygen Tension and Medium Supplements for In Vitro Maturation of Bovine Oocytes Cultured Individually in a Chemically Defined Medium. J. Reprod. Dev. 2004, 50, 107–117. [Google Scholar] [CrossRef]

	



Krisher, R.L.; Lane, M.; Bavister, B.D. Developmental Competence and Metabolism of Bovine Embryos Cultured in Semi-Defined and Defined Culture Media. Biol. Reprod. 1999, 60, 1345–1352. [Google Scholar] [CrossRef]

	



Phaniendra, A.; Jestadi, D.B.; Periyasamy, L. Free Radicals: Properties, Sources, Targets, and Their Implication in Various Diseases. Indian J. Clin. Biochem. 2015, 30, 11–26. [Google Scholar] [CrossRef]

	



Nandi, A.; Yan, L.-J.; Jana, C.K.; Das, N. Role of Catalase in Oxidative Stress- and Age-Associated Degenerative Diseases. Oxid. Med. Cell. Longev. 2019, 2019, 1–19. [Google Scholar] [CrossRef] [PubMed]

	



Halliwell, B.; Whiteman, M. Measuring Reactive Species and Oxidative Damage in Vivo and in Cell Culture: How Should You Do It and What Do the Results Mean? Br. J. Pharmacol. 2009, 142, 231–255. [Google Scholar] [CrossRef] [PubMed]

	



Di Meo, S.; Reed, T.T.; Venditti, P.; Victor, V.M. Role of ROS and RNS Sources in Physiological and Pathological Conditions. Oxid. Med. Cell. Longev. 2016, 2016, 1–44. [Google Scholar] [CrossRef] [PubMed]

	



He, L.; He, T.; Farrar, S.; Ji, L.; Liu, T.; Ma, X. Antioxidants Maintain Cellular Redox Homeostasis by Elimination of Reactive Oxygen Species. Cell. Physiol. Biochem. 2017, 44, 532–553. [Google Scholar] [CrossRef] [PubMed]

	



Rasouli, M.; Fattahi, R.; Nuoroozi, G.; Zarei-Behjani, Z.; Yaghoobi, M.; Hajmohammadi, Z.; Hosseinzadeh, S. The Role of Oxygen Tension in Cell Fate and Regenerative Medicine: Implications of Hypoxia/Hyperoxia and Free Radicals. Cell Tissue Bank. 2023. [Google Scholar] [CrossRef] [PubMed]

	



Henzler, T.; Steudle, E. Transport and Metabolic Degradation of Hydrogen Peroxide in Chara Corallina: Model Calculations and Measurements with the Pressure Probe Suggest Transport of H2O2 across Water Channels. J. Exp. Bot. 2000, 51, 2053–2066. [Google Scholar] [CrossRef] [PubMed]

	



Bienert, G.P.; Møller, A.L.B.; Kristiansen, K.A.; Schulz, A.; Møller, I.M.; Schjoerring, J.K.; Jahn, T.P. Specific Aquaporins Facilitate the Diffusion of Hydrogen Peroxide across Membranes. J. Biol. Chem. 2007, 282, 1183–1192. [Google Scholar] [CrossRef]

	



Smith, R.A.J.; Hartley, R.C.; Cochemé, H.M.; Murphy, M.P. Mitochondrial Pharmacology. Trends Pharmacol. Sci. 2012, 33, 341–352. [Google Scholar] [CrossRef]

	



Liemburg-Apers, D.C.; Willems, P.H.G.M.; Koopman, W.J.H.; Grefte, S. Interactions between Mitochondrial Reactive Oxygen Species and Cellular Glucose Metabolism. Arch. Toxicol. 2015, 89, 1209–1226. [Google Scholar] [CrossRef]

	



Fenton, H.J.H. LXXIII.—Oxidation of Tartaric Acid in Presence of Iron. J. Chem. Soc. Trans. 1894, 65, 899–910. [Google Scholar] [CrossRef]

	



Haber, F.; Weiss, J. The Catalytic Decomposition of Hydrogen Peroxide by Iron Salts. Proc. R. Soc. London Ser. A-Math. Phys. Sci. 1934, 147, 332–351. [Google Scholar] [CrossRef]

	



Cao, S.S.; Kaufman, R.J. Endoplasmic Reticulum Stress and Oxidative Stress in Cell Fate Decision and Human Disease. Antioxid. Redox Signal. 2014, 21, 396–413. [Google Scholar] [CrossRef] [PubMed]

	



Fan, Y.; Simmen, T. Mechanistic Connections between Endoplasmic Reticulum (ER) Redox Control and Mitochondrial Metabolism. Cells 2019, 8, 1071. [Google Scholar] [CrossRef] [PubMed]

	



Bhandary, B.; Marahatta, A.; Kim, H.-R.; Chae, H.-J. An Involvement of Oxidative Stress in Endoplasmic Reticulum Stress and Its Associated Diseases. Int. J. Mol. Sci. 2012, 14, 434–456. [Google Scholar] [CrossRef] [PubMed]

	



Luo, Y.; Zhu, Y.; Basang, W.; Wang, X.; Li, C.; Zhou, X. Roles of Nitric Oxide in the Regulation of Reproduction: A Review. Front. Endocrinol. 2021, 12, 752410. [Google Scholar] [CrossRef] [PubMed]

	



Ignarro, L.J.; Buga, G.M.; Wood, K.S.; Byrns, R.E.; Chaudhuri, G. Endothelium-Derived Relaxing Factor Produced and Released from Artery and Vein Is Nitric Oxide. Proc. Natl. Acad. Sci. USA 1987, 84, 9265–9269. [Google Scholar] [CrossRef] [PubMed]

	



Pandey, A.N.; Tripathi, A.; PremKumar, K.V.; Shrivastav, T.G.; Chaube, S.K. Reactive Oxygen and Nitrogen Species during Meiotic Resumption from Diplotene Arrest in Mammalian Oocytes. J. Cell. Biochem. 2010, 111, 521–528. [Google Scholar] [CrossRef]

	



Radi, R.; Cassina, A.; Hodara, R.; Quijano, C.; Castro, L. Peroxynitrite Reactions and Formation in Mitochondria. Free Radic. Biol. Med. 2002, 33, 1451–1464. [Google Scholar] [CrossRef]

	



Sturmey, R.G.; Hawkhead, J.A.; Barker, E.A.; Leese, H.J. DNA Damage and Metabolic Activity in the Preimplantation Embryo. Hum. Reprod. 2008, 24, 81–91. [Google Scholar] [CrossRef]

	



Haghdoost, S.; Czene, S.; Näslund, I.; Skog, S.; Harms-Ringdahl, M. Extracellular 8-Oxo-DG as a Sensitive Parameter for Oxidative Stress in Vivo and in Vitro. Free Radic. Res. 2005, 39, 153–162. [Google Scholar] [CrossRef]

	



Gros, L.; Saparbaev, M.K.; Laval, J. Enzymology of the Repair of Free Radicals-Induced DNA Damage. Oncogene 2002, 21, 8905–8925. [Google Scholar] [CrossRef] [PubMed]

	



Slupphaug, G.; Kavli, B.; Krokan, H. The Interacting Pathways for Prevention and Repair of Oxidative DNA Damage. Mutat. Res. Mol. Mech. Mutagen. 2003, 531, 231–251. [Google Scholar] [CrossRef] [PubMed]

	



Ames, B.N.; Shigenaga, M.K.; Hagen, T.M. Oxidants, Antioxidants, and the Degenerative Diseases of Aging. Proc. Natl. Acad. Sci. USA 1993, 90, 7915–7922. [Google Scholar] [CrossRef] [PubMed]

	



Malott, K.F.; Reshel, S.; Ortiz, L.; Luderer, U. Glutathione Deficiency Decreases Lipid Droplet Stores and Increases Reactive Oxygen Species in Mouse Oocytes. Biol. Reprod. 2022, 106, 1218–1231. [Google Scholar] [CrossRef] [PubMed]

	



Bomfim, M.M.; Andrade, G.M.; del Collado, M.; Sangalli, J.R.; Fontes, P.K.; Nogueira, M.F.G.; Meirelles, F.V.; da Silveira, J.C.; Perecin, F. Antioxidant Responses and Deregulation of Epigenetic Writers and Erasers Link Oxidative Stress and DNA Methylation in Bovine Blastocysts. Mol. Reprod. Dev. 2017, 84, 1296–1305. [Google Scholar] [CrossRef] [PubMed]

	



Kietzmann, T.; Petry, A.; Shvetsova, A.; Gerhold, J.M.; Görlach, A. The Epigenetic Landscape Related to Reactive Oxygen Species Formation in the Cardiovascular System. Br. J. Pharmacol. 2017, 174, 1533–1554. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, P.; Schramm, R.D.; Latham, K.E. Developmental Regulation and In Vitro Culture Effects on Expression of DNA Repair and Cell Cycle Checkpoint Control Genes in Rhesus Monkey Oocytes and Embryos1. Biol. Reprod. 2005, 72, 1359–1369. [Google Scholar] [CrossRef]

	



Pratt, D.A.; Tallman, K.A.; Porter, N.A. Free Radical Oxidation of Polyunsaturated Lipids: New Mechanistic Insights and the Development of Peroxyl Radical Clocks. Acc. Chem. Res. 2011, 44, 458–467. [Google Scholar] [CrossRef]

	



Juan, C.A.; Pérez de la Lastra, J.M.; Plou, F.J.; Pérez-Lebeña, E. The Chemistry of Reactive Oxygen Species (ROS) Revisited: Outlining Their Role in Biological Macromolecules (DNA, Lipids and Proteins) and Induced Pathologies. Int. J. Mol. Sci. 2021, 22, 4642. [Google Scholar] [CrossRef]

	



Marnett, L.J. Lipid Peroxidation—DNA Damage by Malondialdehyde. Mutat. Res. Mol. Mech. Mutagen. 1999, 424, 83–95. [Google Scholar] [CrossRef]

	



Wang, L.; Wang, D.; Zou, X.; Xu, C. Mitochondrial Functions on Oocytes and Preimplantation Embryos. J. Zhejiang Univ. Sci. B 2009, 10, 483–492. [Google Scholar] [CrossRef] [PubMed]

	



Dean, R.T.; Fu, S.; Stocker, R.; Davies, M.J. Biochemistry and Pathology of Radical-Mediated Protein Oxidation. Biochem. J. 1997, 324, 1–18. [Google Scholar] [CrossRef] [PubMed]

	



Butterfield, D.A.; Koppal, T.; Howard, B.; Subramaniam, R.; Hall, N.; Hensley, K.; Yatin, S.; Allen, K.; Aksenov, M.; Aksenova, M.; et al. Structural and Functional Changes in Proteins Induced by Free Radical-Mediated Oxidative Stress and Protective Action of the Antioxidants N-Tert-Butyl-Alpha-Phenylnitrone and Vitamin Ea. Ann. N. Y. Acad. Sci. 1998, 854, 448–462. [Google Scholar] [CrossRef] [PubMed]

	



Gardner, D.K.; Pool, T.B.; Lane, M. Embryo Nutrition and Energy Metabolism and Its Relationship to Embryo Growth, Differentiation, and Viability. Semin. Reprod. Med. 2000, 18, 205–218. [Google Scholar] [CrossRef] [PubMed]

	



Leese, H.J. Metabolism of the Preimplantation Embryo: 40 Years On. Reproduction 2012, 143, 417–427. [Google Scholar] [CrossRef] [PubMed]

	



Leese, H.J.; Guerif, F.; Allgar, V.; Brison, D.R.; Lundin, K.; Sturmey, R.G. Biological Optimization, the Goldilocks Principle, and How Much Is Lagom in the Preimplantation Embryo. Mol. Reprod. Dev. 2016, 83, 748–754. [Google Scholar] [CrossRef] [PubMed]

	



Gardner, D.K.; Lane, M. Culture of Viable Human Blastocysts in Defined Sequential Serum-Free Media. Hum. Reprod. 1998, 13, 148–159. [Google Scholar] [CrossRef]

	



de Lima, C.B.; dos Santos, É.C.; Ispada, J.; Fontes, P.K.; Nogueira, M.F.G.; dos Santos, C.M.D.; Milazzotto, M.P. The Dynamics between in Vitro Culture and Metabolism: Embryonic Adaptation to Environmental Changes. Sci. Rep. 2020, 10, 15672. [Google Scholar] [CrossRef]

	



Gimeno, I.; García-Manrique, P.; Carrocera, S.; López-Hidalgo, C.; Valledor, L.; Martín-González, D.; Gómez, E. The Metabolic Signature of In Vitro Produced Bovine Embryos Helps Predict Pregnancy and Birth after Embryo Transfer. Metabolites 2021, 11, 484. [Google Scholar] [CrossRef]

	



Fischer, B.; Bavister, B.D. Oxygen Tension in the Oviduct and Uterus of Rhesus Monkeys, Hamsters and Rabbits. J. Reprod. Fertil. 1993, 99, 673–679. [Google Scholar] [CrossRef]

	



Takahashi, M.; Keicho, K.; Takahashi, H.; Ogawa, H.; Schulte, R.M.; Okano, A. Effect of Oxidative Stress on Development and DNA Damage in In-Vitro Cultured Bovine Embryos by Comet Assay. Theriogenology 2000, 54, 137–145. [Google Scholar] [CrossRef] [PubMed]

	



Kitagawa, Y.; Suzuki, K.; Yoneda, A.; Watanabe, T. Effects of Oxygen Concentration and Antioxidants on the in Vitro Developmental Ability, Production of Reactive Oxygen Species (ROS), and DNA Fragmentation in Porcine Embryos. Theriogenology 2004, 62, 1186–1197. [Google Scholar] [CrossRef] [PubMed]

	



Takahashi, M.; Nagai, T.; Okamura, N.; Takahashi, H.; Okano, A. Promoting Effect of β-Mercaptoethanol on In Vitro Development under Oxidative Stress and Cystine Uptake of Bovine Embryos1. Biol. Reprod. 2002, 66, 562–567. [Google Scholar] [CrossRef] [PubMed]

	



Voelkel, S.A.; Hu, Y.X. Effect of Gas Atmosphere on the Development of One-Cell Bovine Embryos in Two Culture Systems. Theriogenology 1992, 37, 1117–1131. [Google Scholar] [CrossRef] [PubMed]

	



Whitty, A.; Kind, K.L.; Dunning, K.R.; Thompson, J.G. Effect of Oxygen and Glucose Availability during in Vitro Maturation of Bovine Oocytes on Development and Gene Expression. J. Assist. Reprod. Genet. 2021, 38, 1349–1362. [Google Scholar] [CrossRef] [PubMed]

	



Hashimoto, S.; Minami, N.; Takakura, R.; Yamada, M.; Imai, H.; Kashima, N. Low Oxygen Tension during in Vitro Maturation Is Beneficial for Supporting the Subsequent Development of Bovine Cumulus-Oocyte Complexes. Mol. Reprod. Dev. 2000, 57, 353–360. [Google Scholar] [CrossRef] [PubMed]

	



Pinyopummintr, T.; Bavister, B.D. Optimum Gas Atmosphere for in Vitro Maturation and in Vitro Fertilization of Bovine Oocytes. Theriogenology 1995, 44, 471–477. [Google Scholar] [CrossRef]

	



Báez, F.; de Brun, V.; Rodríguez-Osorio, N.; Viñoles, C. Low Oxygen Tension during in Vitro Oocyte Maturation and Fertilisation Improves Cryotolerance of Bovine Blastocysts Produced in Vitro. Reprod. Fertil. Dev. 2021, 34, 251. [Google Scholar] [CrossRef]

	



Takahashi, M.; Saka, N.; Takahashi, H.; Kanai, Y.; Schultz, R.M.; Okano, A. Assessment of DNA Damage in Individual Hamster Embryos by Comet Assay. Mol. Reprod. Dev. 1999, 54, 1–7. [Google Scholar] [CrossRef]

	



Kielbassa, C.; Roza, L.; Epe, B. Wavelength Dependence of Oxidative DNA Damage Induced by UV and Visible Light. Carcinogenesis 1997, 18, 811–816. [Google Scholar] [CrossRef]

	



Oh, S.J.; Gong, S.P.; Lee, S.T.; Lee, E.J.; Lim, J.M. Light Intensity and Wavelength during Embryo Manipulation Are Important Factors for Maintaining Viability of Preimplantation Embryos in Vitro. Fertil. Steril. 2007, 88, 1150–1157. [Google Scholar] [CrossRef] [PubMed]

	



Takenaka, M.; Horiuchi, T.; Yanagimachi, R. Effects of Light on Development of Mammalian Zygotes. Proc. Natl. Acad. Sci. USA 2007, 104, 14289–14293. [Google Scholar] [CrossRef] [PubMed]

	



Korhonen, K.; Sjovall, S.; Viitanen, J.; Ketoja, E.; Makarevich, A.; Peippo, J. Viability of Bovine Embryos Following Exposure to the Green Filtered or Wider Bandwidth Light during in Vitro Embryo Production. Hum. Reprod. 2009, 24, 308–314. [Google Scholar] [CrossRef] [PubMed]

	



FitzHarris, G.; Baltz, J.M. Granulosa Cells Regulate Intracellular PH of the Murine Growing Oocyte via Gap Junctions: Development of Independent Homeostasis during Oocyte Growth. Development 2006, 133, 591–599. [Google Scholar] [CrossRef] [PubMed]

	



Erdogan, S.; FitzHarris, G.; Tartia, A.P.; Baltz, J.M. Mechanisms Regulating Intracellular PH Are Activated during Growth of the Mouse Oocyte Coincident with Acquisition of Meiotic Competence. Dev. Biol. 2005, 286, 352–360. [Google Scholar] [CrossRef] [PubMed]

	



Steel, T.; Conaghan, J. PH Equilibration Dynamics of Culture Medium Under Oil. Fertil. Steril. 2008, 89, S27. [Google Scholar] [CrossRef]

	



Scarica, C.; Monaco, A.; Borini, A.; Pontemezzo, E.; Bonanni, V.; De Santis, L.; Zacà, C.; Coticchio, G. Use of Mineral Oil in IVF Culture Systems: Physico-Chemical Aspects, Management, and Safety. J. Assist. Reprod. Genet. 2022, 39, 883–892. [Google Scholar] [CrossRef]

	



Agarwal, A.; Maldonado Rosas, I.; Anagnostopoulou, C.; Cannarella, R.; Boitrelle, F.; Munoz, L.V.; Finelli, R.; Durairajanayagam, D.; Henkel, R.; Saleh, R. Oxidative Stress and Assisted Reproduction: A Comprehensive Review of Its Pathophysiological Role and Strategies for Optimizing Embryo Culture Environment. Antioxidants 2022, 11, 477. [Google Scholar] [CrossRef] [PubMed]

	



Conaghan, J. PH Control in the Embryo Culture Environment. In Culture Media, Solutions, and Systems in Human ART; Cambridge University Press: Cambridge, UK, 2014; pp. 142–154. [Google Scholar]

	



Lamber, A.J.; Brand, M.D. Superoxide Production by NADH:Ubiquinone Oxidoreductase (Complex I) Depends on the PH Gradient across the Mitochondrial Inner Membrane. Biochem. J. 2004, 382, 511–517. [Google Scholar] [CrossRef]

	



Selivanov, V.A.; Zeak, J.A.; Roca, J.; Cascante, M.; Trucco, M.; Votyakova, T.V. The Role of External and Matrix PH in Mitochondrial Reactive Oxygen Species Generation. J. Biol. Chem. 2008, 283, 29292–29300. [Google Scholar] [CrossRef]

	



Shi, D.; Avery, B.; Greve, T. Effects of Temperature Gradients on in Vitro Maturation of Bovine Oocytes. Theriogenology 1998, 50, 667–674. [Google Scholar] [CrossRef] [PubMed]

	



Swain, J.E.; Pool, T.B. New PH-Buffering System for Media Utilized during Gamete and Embryo Manipulations for Assisted Reproduction. Reprod. Biomed. Online 2009, 18, 799–810. [Google Scholar] [CrossRef] [PubMed]

	



Sun, X.-F.; Wang, W.-H.; Keefe, D.L. Overheating Is Detrimental to Meiotic Spindles within in Vitro Matured Human Oocytes. Zygote 2004, 12, 65–70. [Google Scholar] [CrossRef] [PubMed]

	



Wang, W.-H.; Meng, L.; Hackett, R.J.; Odenbourg, R.; Keefe, D.L. Limited Recovery of Meiotic Spindles in Living Human Oocytes after Cooling–Rewarming Observed Using Polarized Light Microscopy. Hum. Reprod. 2001, 16, 2374–2378. [Google Scholar] [CrossRef] [PubMed]

	



Leese, H.J.; Baumann, C.G.; Brison, D.R.; McEvoy, T.G.; Sturmey, R.G. Metabolism of the Viable Mammalian Embryo: Quietness Revisited. Mol. Hum. Reprod. 2008, 14, 667–672. [Google Scholar] [CrossRef] [PubMed]

	



Sen, U. Maturation of Bovine Oocytes under Low Culture Temperature Decreased Glutathione Peroxidase Activity of Both Oocytes and Blastocysts. Pol. J. Vet. Sci. 2021, 24, 93–99. [Google Scholar] [CrossRef] [PubMed]

	



Nabenishi, H.; Ohta, H.; Nishimoto, T.; Morita, T.; Ashizawa, K.; Tsuzuki, Y. The Effects of Cysteine Addition during in Vitro Maturation on the Developmental Competence, ROS, GSH and Apoptosis Level of Bovine Oocytes Exposed to Heat Stress. Zygote 2012, 20, 249–259. [Google Scholar] [CrossRef] [PubMed]

	



Len, J.S.; Koh, W.S.D.; Tan, S.-X. The Roles of Reactive Oxygen Species and Antioxidants in Cryopreservation. Biosci. Rep. 2019, 39, BSR20191601. [Google Scholar] [CrossRef]

	



Estudillo, E.; Jiménez, A.; Bustamante-Nieves, P.E.; Palacios-Reyes, C.; Velasco, I.; López-Ornelas, A. Cryopreservation of Gametes and Embryos and Their Molecular Changes. Int. J. Mol. Sci. 2021, 22, 10864. [Google Scholar] [CrossRef]

	



Bilodeau, J.-F.; Chatterjee, S.; Sirard, M.-A.; Gagnon, C. Levels of Antioxidant Defenses Are Decreased in Bovine Spermatozoa after a Cycle of Freezing and Thawing. Mol. Reprod. Dev. 2000, 55, 282–288. [Google Scholar] [CrossRef]

	



Sies, H.; Jones, D.P. Reactive Oxygen Species (ROS) as Pleiotropic Physiological Signalling Agents. Nat. Rev. Mol. Cell Biol. 2020, 21, 363–383. [Google Scholar] [CrossRef] [PubMed]

	



Eleutherio, E.C.A.; Silva Magalhães, R.S.; de Araújo Brasil, A.; Monteiro Neto, J.R.; de Holanda Paranhos, L. SOD1, More than Just an Antioxidant. Arch. Biochem. Biophys. 2021, 697, 108701. [Google Scholar] [CrossRef] [PubMed]

	



Ganini, D.; Santos, J.H.; Bonini, M.G.; Mason, R.P. Switch of Mitochondrial Superoxide Dismutase into a Prooxidant Peroxidase in Manganese-Deficient Cells and Mice. Cell Chem. Biol. 2019, 25, 413–425.e6. [Google Scholar] [CrossRef] [PubMed]

	



Franklin, C.C.; Backos, D.S.; Mohar, I.; White, C.C.; Forman, H.J.; Kavanagh, T.J. Structure, Function, and Post-Translational Regulation of the Catalytic and Modifier Subunits of Glutamate Cysteine Ligase. Mol. Aspects Med. 2009, 30, 86–98. [Google Scholar] [CrossRef] [PubMed]

	



de Matos, D.G.; Herrera, C.; Cortvrindt, R.; Smitz, J.; Van Soom, A.; Nogueira, D.; Pasqualini, R.S. Cysteamine Supplementation during in Vitro Maturation and Embryo Culture: A Useful Tool for Increasing the Efficiency of Bovine in Vitro Embryo Production. Mol. Reprod. Dev. 2002, 62, 203–209. [Google Scholar] [CrossRef] [PubMed]

	



Couto, N.; Wood, J.; Barber, J. The Role of Glutathione Reductase and Related Enzymes on Cellular Redox Homoeostasis Network. Free Radic. Biol. Med. 2016, 95, 27–42. [Google Scholar] [CrossRef] [PubMed]

	



Lim, J.M.; Liou, S.S.; Hansel, W. Intracytoplasmic Glutathione Concentration and the Role of β-Mercaptoethanol in Preimplantation Development of Bovine Embryos. Theriogenology 1996, 46, 429–439. [Google Scholar] [CrossRef]

	



Merton, J.S.; Knijn, H.M.; Flapper, H.; Dotinga, F.; Roelen, B.A.J.; Vos, P.L.A.M.; Mullaart, E. Cysteamine Supplementation during in Vitro Maturation of Slaughterhouse- and Opu-Derived Bovine Oocytes Improves Embryonic Development without Affecting Cryotolerance, Pregnancy Rate, and Calf Characteristics. Theriogenology 2013, 80, 365–371. [Google Scholar] [CrossRef]

	



Sutovsky, P.; Schatten, G. Depletion of Glutathione during Bovine Oocyte Maturation Reversibly Blocks the Decondensation of the Male Pronucleus and Pronuclear Apposition during Fertilization1. Biol. Reprod. 1997, 56, 1503–1512. [Google Scholar] [CrossRef]

	



de Matos, D.G.; Furnus, C.C. The Importance of Having High Glutathione (GSH) Level after Bovine in Vitro Maturation on Embryo Development: Effect of β-Mercaptoethanol, Cysteine and Cystine. Theriogenology 2000, 53, 761–771. [Google Scholar] [CrossRef]

	



Zuelke, K.A.; Jeffay, S.C.; Zucker, R.M.; Perreault, S.D. Glutathione (GSH) Concentrations Vary with the Cell Cycle in Maturing Hamster Oocytes, Zygotes, and Pre-Implantation Stage Embryos. Mol. Reprod. Dev. 2003, 64, 106–112. [Google Scholar] [CrossRef] [PubMed]

	



García-Martínez, T.; Vendrell-Flotats, M.; Martínez-Rodero, I.; Ordóñez-León, E.A.; Álvarez-Rodríguez, M.; López-Béjar, M.; Yeste, M.; Mogas, T. Glutathione Ethyl Ester Protects In Vitro-Maturing Bovine Oocytes against Oxidative Stress Induced by Subsequent Vitrification/Warming. Int. J. Mol. Sci. 2020, 21, 7547. [Google Scholar] [CrossRef] [PubMed]

	



Shi, F.; Li, H.; Wang, E.; Chen, Z.; Zhang, C. Melatonin Reduces Two-cell Block via Nonreceptor Pathway in Mice. J. Cell. Biochem. 2018, 119, 9380–9393. [Google Scholar] [CrossRef] [PubMed]

	



Gardiner, C.S.; Reed, D.J. Synthesis of Glutathione in the Preimplantation Mouse Embryo. Arch. Biochem. Biophys. 1995, 318, 30–36. [Google Scholar] [CrossRef] [PubMed]

	



de Matos, D.G.; Furnus, C.C.; Moses, D.F. Glutathione Synthesis During in Vitro Maturation of Bovine Oocytes: Role of Cumulus Cells1. Biol. Reprod. 1997, 57, 1420–1425. [Google Scholar] [CrossRef] [PubMed]

	



Luberda, Z. The Role of Glutathione in Mammalian Gametes. Reprod. Biol. 2005, 5, 5–17. [Google Scholar]

	



Negrón-Pérez, V.M.; Fausnacht, D.W.; Rhoads, M.L. Invited Review: Management Strategies Capable of Improving the Reproductive Performance of Heat-Stressed Dairy Cattle. J. Dairy Sci. 2019, 102, 10695–10710. [Google Scholar] [CrossRef] [PubMed]

	



Tutt, D.A.R.; Guven-Ates, G.; Kwong, W.Y.; Simmons, R.; Sang, F.; Silvestri, G.; Canedo-Ribeiro, C.; Handyside, A.H.; Labrecque, R.; Sirard, M.-A.; et al. Developmental, Cytogenetic and Epigenetic Consequences of Removing Complex Proteins and Adding Melatonin during in Vitro Maturation of Bovine Oocytes. Front. Endocrinol. 2023, 14. [Google Scholar] [CrossRef]

	



Pasquariello, R.; Verdile, N.; Brevini, T.A.L.; Gandolfi, F.; Boiti, C.; Zerani, M.; Maranesi, M. The Role of Resveratrol in Mammalian Reproduction. Molecules 2020, 25, 4554. [Google Scholar] [CrossRef]

	



Rodríguez-Varela, C.; Labarta, E. Clinical Application of Antioxidants to Improve Human Oocyte Mitochondrial Function: A Review. Antioxidants 2020, 9, 1197. [Google Scholar] [CrossRef]

	



Van Soom, A.; Yuan, Y.; Peelman, L.; de Matos, D.; Dewulf, J.; Laevens, H.; de Kruif, A. Prevalence of Apoptosis and Inner Cell Allocation in Bovine Embryos Cultured under Different Oxygen Tensions with or without Cysteine Addition. Theriogenology 2002, 57, 1453–1465. [Google Scholar] [CrossRef] [PubMed]

	



Caamaño, J.N.; Ryoo, Z.Y.; Thomas, J.A.; Youngs, C.R. β-Mercaptoethanol Enhances Blastocyst Formation Rate of Bovine in Vitro-Matured/in Vitro-Fertilized Embryos1. Biol. Reprod. 1996, 55, 1179–1184. [Google Scholar] [CrossRef] [PubMed]

	



Barrozo, L.G.; Paulino, L.R.F.M.; Silva, B.R.; Barbalho, E.C.; Nascimento, D.R.; Neto, M.F.L.; Silva, J.R.V. N-Acetyl-Cysteine and the Control of Oxidative Stress during in Vitro Ovarian Follicle Growth, Oocyte Maturation, Embryo Development and Cryopreservation. Anim. Reprod. Sci. 2021, 231, 106801. [Google Scholar] [CrossRef] [PubMed]

	



Ezeriņa, D.; Takano, Y.; Hanaoka, K.; Urano, Y.; Dick, T.P. N-Acetyl Cysteine Functions as a Fast-Acting Antioxidant by Triggering Intracellular H2S and Sulfane Sulfur Production. Cell Chem. Biol. 2018, 25, 447–459.e4. [Google Scholar] [CrossRef] [PubMed]

	



Meier, T.; Issels, R.D. Promotion of Cyst(e)Ine Uptake. In Methods in Enzymology; Elsevier: Amsterdam, The Netherlands, 1995; pp. 103–112. [Google Scholar]

	



Deleuze, S.; Goudet, G. Cysteamine Supplementation of In Vitro Maturation Media: A Review. Reprod. Domest. Anim. 2010, 45, e476–e482. [Google Scholar] [CrossRef] [PubMed]

	



Ho, E. Zinc Deficiency, DNA Damage and Cancer Risk. J. Nutr. Biochem. 2004, 15, 572–578. [Google Scholar] [CrossRef] [PubMed]

	



Takahashi, K.; Cohen, H.J. Selenium-Dependent Glutathione Peroxidase Protein and Activity: Immunological Investigations on Cellular and Plasma Enzymes. Blood 1986, 68, 640–645. [Google Scholar] [CrossRef]

	



Basini, G.; Tamanini, C. Selenium Stimulates Estradiol Production in Bovine Granulosa Cells: Possible Involvement of Nitric Oxide. Domest. Anim. Endocrinol. 2000, 18, 1–17. [Google Scholar] [CrossRef]

	



Mistry, H.D.; Broughton Pipkin, F.; Redman, C.W.G.; Poston, L. Selenium in Reproductive Health. Am. J. Obstet. Gynecol. 2012, 206, 21–30. [Google Scholar] [CrossRef]

	



Mihailovič, M.; Cvetkovč, M.; Ljubič, A.; Kosanovič, M.; Nedeljkovič, S.; Jovanovič, I.; Pešut, O. Selenium and Malondialdehyde Content and Glutathione Peroxidase Activity in Maternal and Umbilical Cord Blood and Amniotic Fluid. Biol. Trace Elem. Res. 2000, 73, 47–54. [Google Scholar] [CrossRef]

	



Cerny, K.L.; Anderson, L.; Burris, W.R.; Rhoads, M.; Matthews, J.C.; Bridges, P.J. Form of Supplemental Selenium Fed to Cycling Cows Affects Systemic Concentrations of Progesterone but Not Those of Estradiol. Theriogenology 2016, 85, 800–806. [Google Scholar] [CrossRef] [PubMed]

	



da Silva, J.S.; Rosa, A.F.; Moncau, C.T.; Silva-Vignato, B.; Pugine, S.M.P.; de Melo, M.P.; Sanchez, J.M.D.; Zanetti, M.A. Effect of Different Selenium Sources and Concentrations on Glutathione Peroxidase Activity and Cholesterol Metabolism of Beef Cattle. J. Anim. Sci. 2021, 99. [Google Scholar] [CrossRef] [PubMed]

	



Pieczyńska, J.; Grajeta, H. The Role of Selenium in Human Conception and Pregnancy. J. Trace Elem. Med. Biol. 2015, 29, 31–38. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, K.T. Metabolomics of Selenium: Se Metabolites Based on Speciation Studies. J. Heal. Sci. 2005, 51, 107–114. [Google Scholar] [CrossRef]

	



Wang, Z.; Kong, L.; Zhu, L.; Hu, X.; Su, P.; Song, Z. The Mixed Application of Organic and Inorganic Selenium Shows Better Effects on Incubation and Progeny Parameters. Poult. Sci. 2021, 100, 1132–1141. [Google Scholar] [CrossRef] [PubMed]

	



Grove, R.Q.; Karpowicz, S.J. Reaction of Hypotaurine or Taurine with Superoxide Produces the Organic Peroxysulfonic Acid Peroxytaurine. Free Radic. Biol. Med. 2017, 108, 575–584. [Google Scholar] [CrossRef] [PubMed]

	



Aruoma, O.I.; Halliwell, B.; Hoey, B.M.; Butler, J. The Antioxidant Action of Taurine, Hypotaurine and Their Metabolic Precursors. Biochem. J. 1988, 256, 251–255. [Google Scholar] [CrossRef] [PubMed]

	



Guérin, P.; El Mouatassim, S.; Ménézo, Y. Oxidative Stress and Protection against Reactive Oxygen Species in the Pre-Implantation Embryo and Its Surroundings. Hum. Reprod. Update 2001, 7, 175–189. [Google Scholar] [CrossRef]

	



Guérin, P.; Guillaud, J.; Ménézo, Y. Andrology: Hypotaurine in Spermatozoa and Genital Secretions and Its Production by Oviduct Epithelial Cells in Vitro. Hum. Reprod. 1995, 10, 866–872. [Google Scholar] [CrossRef]

	



McCall, K.A.; Huang, C.; Fierke, C.A. Function and Mechanism of Zinc Metalloenzymes. J. Nutr. 2000, 130, 1437S–1446S. [Google Scholar] [CrossRef]

	



Powell, S.R. The Antioxidant Properties of Zinc. J. Nutr. 2000, 130, 1447S–1454S. [Google Scholar] [CrossRef] [PubMed]

	



Duffy, R.; Yin, M.; Redding, L.E. A Review of the Impact of Dietary Zinc on Livestock Health. J. Trace Elem. Miner. 2023, 5, 100085. [Google Scholar] [CrossRef]

	



Kumar, N.; Verma, R.P.; Singh, L.P.; Varshney, V.P.; Dass, R.S. Effect of Different Levels and Sources of Zinc Supplementation on Quantitative and Qualitative Semen Attributes and Serum Testosterone Level in Crossbred Cattle (Bos Indicus × Bos Taurus) Bulls. Reprod. Nutr. Dev. 2006, 46, 663–675. [Google Scholar] [CrossRef] [PubMed]

	



Tian, X.; Diaz, F.J. Zinc Depletion Causes Multiple Defects in Ovarian Function during the Periovulatory Period in Mice. Endocrinology 2012, 153, 873–886. [Google Scholar] [CrossRef] [PubMed]

	



Galarza, E.M.; Lizarraga, R.M.; Anchordoquy, J.P.; Farnetano, N.A.; Furnus, C.C.; Fazzio, L.E.; Anchordoquy, J.M. Zinc Supplementation within the Reference Ranges for Zinc Status in Cattle Improves Sperm Quality without Modifying in Vitro Fertilization Performance. Anim. Reprod. Sci. 2020, 221, 106595. [Google Scholar] [CrossRef] [PubMed]

	



Pham, A.N.; Xing, G.; Miller, C.J.; Waite, T.D. Fenton-like Copper Redox Chemistry Revisited: Hydrogen Peroxide and Superoxide Mediation of Copper-Catalyzed Oxidant Production. J. Catal. 2013, 301, 54–64. [Google Scholar] [CrossRef]

	



Garner, M.A.; Ricart, K.C.; Roberts, B.R.; Bomben, V.C.; Basso, M.; Ye, Y.; Sahawneh, J.; Franco, M.C.; Beckman, J.S.; Estévez, A.G. Cu,Zn-Superoxide Dismutase Increases Toxicity of Mutant and Zinc-Deficient Superoxide Dismutase by Enhancing Protein Stability*. J. Biol. Chem. 2010, 285, 33885–33897. [Google Scholar] [CrossRef]

	



Iakovidis, I.; Delimaris, I.; Piperakis, S.M. Copper and Its Complexes in Medicine: A Biochemical Approach. Mol. Biol. Int. 2011, 2011, 1–13. [Google Scholar] [CrossRef]

	



Tarai, S.K.; Mandal, S.; Tarai, A.; Som, I.; Pan, A.; Bagchi, A.; Biswas, A.; Moi, S.C. Biophysical Study on DNA and BSA Binding Activity of Cu(II) Complex: Synthesis, Molecular Docking, Cytotoxic Activity, and Theoretical Approach. Appl. Organomet. Chem. 2023, 37. [Google Scholar] [CrossRef]

	



Mizushima, S.; Fukui, Y. Fertilizability and Developmental Capacity of Bovine Oocytes Cultured Individually in a Chemically Defined Maturation Medium. Theriogenology 2001, 55, 1431–1445. [Google Scholar] [CrossRef]

	



Elgebaly, M.M.; Hazaa, A.B.M.; Amer, H.A.; Mesalam, A. L-Cysteine Improves Bovine Oocyte Developmental Competence in Vitro via Activation of Oocyte-derived Growth Factors BMP-15 and GDF-9. Reprod. Domest. Anim. 2022, 57, 734–742. [Google Scholar] [CrossRef] [PubMed]

	



Ambrogi, M.; Dall’Acqua, P.; Rocha-Frigoni, N.; Leão, B.; Mingoti, G. Transporting Bovine Oocytes in a Medium Supplemented with Different Macromolecules and Antioxidants: Effects on Nuclear and Cytoplasmic Maturation and Embryonic Development in Vitro. Reprod. Domest. Anim. 2017, 52, 409–421. [Google Scholar] [CrossRef] [PubMed]

	



Lott, W.; Anchamparuthy, V.; McGilliard, M.; Mullarky, I.; Gwazdauskas, F. Influence of Cysteine in Conjunction with Growth Factors on the Development of In Vitro-Produced Bovine Embryos. Reprod. Domest. Anim. 2011, 46, 585–594. [Google Scholar] [CrossRef] [PubMed]

	



Furnus, C.C.; de Matos, D.G.; Picco, S.; García, P.P.; Inda, A.M.; Mattioli, G.; Errecalde, A.L. Metabolic Requirements Associated with GSH Synthesis during in Vitro Maturation of Cattle Oocytes. Anim. Reprod. Sci. 2008, 109, 88–99. [Google Scholar] [CrossRef] [PubMed]

	



Rocha-Frigoni, N.A.S.; Leão, B.C.S.; Dall’Acqua, P.C.; Mingoti, G.Z. Improving the Cytoplasmic Maturation of Bovine Oocytes Matured in Vitro with Intracellular and/or Extracellular Antioxidants Is Not Associated with Increased Rates of Embryo Development. Theriogenology 2016, 86, 1897–1905. [Google Scholar] [CrossRef] [PubMed]

	



Ali, A.A.; Bilodeau, J.F.; Sirard, M.A. Antioxidant Requirements for Bovine Oocytes Varies during in Vitro Maturation, Fertilization and Development. Theriogenology 2003, 59, 939–949. [Google Scholar] [CrossRef] [PubMed]

	



Sun, W.-S.; Jang, H.; Park, M.-R.; Oh, K.B.; Lee, H.; Hwang, S.; Xu, L.-J.; Hwang, I.-S.; Lee, J.-W. N-Acetyl-L-Cysteine Improves the Developmental Competence of Bovine Oocytes and Embryos Cultured In Vitro by Attenuating Oxidative Damage and Apoptosis. Antioxidants 2021, 10, 860. [Google Scholar] [CrossRef]

	



Sovernigo, T.; Adona, P.; Monzani, P.; Guemra, S.; Barros, F.; Lopes, F.; Leal, C. Effects of Supplementation of Medium with Different Antioxidants during in Vitro Maturation of Bovine Oocytes on Subsequent Embryo Production. Reprod. Domest. Anim. 2017, 52, 561–569. [Google Scholar] [CrossRef]

	



Lodde, V.; Luciano, A.M.; Musmeci, G.; Miclea, I.; Tessaro, I.; Aru, M.; Albertini, D.F.; Franciosi, F. A Nuclear and Cytoplasmic Characterization of Bovine Oocytes Reveals That Cysteamine Partially Rescues the Embryo Development in a Model of Low Ovarian Reserve. Animals 2021, 11, 1936. [Google Scholar] [CrossRef]

	



Zhenwei, J.; Xianhua, Z. Pre-IVM Treatment with C-Type Natriuretic Peptide in the Presence of Cysteamine Enhances Bovine Oocytes Antioxidant Defense Ability and Developmental Competence in Vitro. Iran. J. Vet. Res. 2019, 20, 173–179. [Google Scholar]

	



Canel, N.G.; Suvá, M.; Bevacqua, R.J.; Arias, M.E.; Felmer, R.; Salamone, D.F. Improved Embryo Development Using High Cysteamine Concentration during IVM and Sperm Co-Culture with COCs Previous to ICSI in Bovine. Theriogenology 2018, 117, 26–33. [Google Scholar] [CrossRef] [PubMed]

	



Balasubramanian, S.; Rho, G.-J. Effect of Cysteamine Supplementation of in Vitro Matured Bovine Oocytes on Chilling Sensitivity and Development of Embryos. Anim. Reprod. Sci. 2007, 98, 282–292. [Google Scholar] [CrossRef] [PubMed]

	



Anchordoquy, J.M.P.; Balbi, M.; Farnetano, N.A.; Fabra, M.C.; Carranza-Martin, A.C.; Nikoloff, N.; Giovambattista, G.; Furnus, C.C.; Anchordoquy, J.M.P. Trace Mineral Mixture Supplemented to in Vitro Maturation Medium Improves Subsequent Embryo Development and Embryo Quality in Cattle. Vet. Res. Commun. 2022, 46, 1111–1119. [Google Scholar] [CrossRef] [PubMed]

	



Lizarraga, R.M.; Anchordoquy, J.M.P.; Galarza, E.M.; Farnetano, N.A.; Carranza-Martin, A.; Furnus, C.C.; Mattioli, G.A.; Anchordoquy, J.M.P. Sodium Selenite Improves In Vitro Maturation of Bos Primigenius Taurus Oocytes. Biol. Trace Elem. Res. 2020, 197, 149–158. [Google Scholar] [CrossRef] [PubMed]

	



Toosinia, S.; Davoodian, N.; Arabi, M.; Kadivar, A. Ameliorating Effect of Sodium Selenite on Developmental and Molecular Response of Bovine Cumulus-Oocyte Complexes Matured in Vitro Under Heat Stress Condition. Biol. Trace Elem. Res. 2024, 202, 161–174. [Google Scholar] [CrossRef] [PubMed]

	



Picco, S.J.; Anchordoquy, J.M.; de Matos, D.G.; Anchordoquy, J.P.; Seoane, A.; Mattioli, G.A.; Errecalde, A.L.; Furnus, C.C. Effect of Increasing Zinc Sulphate Concentration during in Vitro Maturation of Bovine Oocytes. Theriogenology 2010, 74, 1141–1148. [Google Scholar] [CrossRef] [PubMed]

	



Anchordoquy, J.; Anchordoquy, J.; Sirini, M.; Picco, S.; Peral-García, P.; Furnus, C. The Importance of Having Zinc During In Vitro Maturation of Cattle Cumulus-Oocyte Complex: Role of Cumulus Cells. Reprod. Domest. Anim. 2014, 49, 865–874. [Google Scholar] [CrossRef]

	



Anchordoquy, J.M.; Picco, S.J.; Seoane, A.; Anchordoquy, J.P.; Ponzinibbio, M.V.; Mattioli, G.A.; Peral García, P.; Furnus, C.C. Analysis of Apoptosis and DNA Damage in Bovine Cumulus Cells after Exposure in Vitro to Different Zinc Concentrations. Cell Biol. Int. 2011, 35, 593–597. [Google Scholar] [CrossRef]

	



Kandil, O.; Alhallag, K.; Shawky, S.; Abu-Alya, I.; Kandeel, S.; Ismali, E.; Fathalla, S. Effect of Zinc and Nano Zinc on Developmental Competence of Buffalo Oocytes. J. Adv. Vet. Res. 2023, 13, 474–478. [Google Scholar]

	



Anchordoquy, J.P.M.P.; Anchordoquy, J.P.M.P.; Lizarraga, R.M.; Nikoloff, N.; Pascua, A.M.; Furnus, C.C. The Importance of Trace Minerals Copper, Manganese, Selenium and Zinc in Bovine Sperm–Zona Pellucida Binding. Zygote 2019, 27, 89–96. [Google Scholar] [CrossRef]

	



Pons-Rejraji, H.; Vorilhon, S.; Difrane, A.; Dollet, S.; Bourgne, C.; Berger, M.; Chaput, L.; Pereira, B.; Bouche, C.; Drevet, J.R.; et al. Beneficial Effects of Hypotaurine Supplementation in Preparation and Freezing Media on Human Sperm Cryo-Capacitation and DNA Quality. Basic Clin. Androl. 2021, 31, 26. [Google Scholar] [CrossRef] [PubMed]

	



Pavlok, A. D-Penicillamine and Granulosa Cells Can Effectively Extend the Fertile Life Span of Bovine Frozen-Thawed Spermatozoa in Vitro: Effect on Fertilization and Polyspermy. Theriogenology 2000, 53, 1135–1146. [Google Scholar] [CrossRef] [PubMed]

	



Schuh, S.M.; Hille, B.; Babcock, D.F. Adenosine and Catecholamine Agonists Speed the Flagellar Beat of Mammalian Sperm by a Non-Receptor-Mediated Mechanism1. Biol. Reprod. 2007, 77, 960–969. [Google Scholar] [CrossRef] [PubMed]

	



Miller, G.F.; Gliedt, D.W.; Rakes, J.M.; Rorie, R.W. Addition of Penicillamine, Hypotaurine and Epinephrine (PHE) or Bovine Oviductal Epithelial Cells (BOEC) Alone or in Combination to Bovine in Vitro Fertilization Medium Increases the Subsequent Embryo Cleavage Rate. Theriogenology 1994, 41, 689–696. [Google Scholar] [CrossRef] [PubMed]

	



Gonçalves, F.S.; Barretto, L.S.S.; Arruda, R.P.; Perri, S.H.V.; Mingoti, G.Z. Heparin and Penicillamine–Hypotaurine–Epinephrine (PHE) Solution during Bovine in Vitro Fertilization Procedures Impair the Quality of Spermatozoa but Improve Normal Oocyte Fecundation and Early Embryonic Development. Vitr. Cell. Dev. Biol.-Anim. 2014, 50, 39–47. [Google Scholar] [CrossRef] [PubMed]

	



Kang, S.-S.; Koyama, K.; Huang, W.; Yang, Y.; Yanagawa, Y.; Takahashi, Y.; Nagano, M. Addition of D-Penicillamine, Hypotaurine, and Epinephrine (PHE) Mixture to IVF Medium Maintains Motility and Longevity of Bovine Sperm and Enhances Stable Production of Blastocysts in Vitro. J. Reprod. Dev. 2015, 61, 99–105. [Google Scholar] [CrossRef] [PubMed]

	



Silva, N.C.; Leao, K.M.; Padua, J.T.; Marques, T.C.; Neto, F.A.; Dode, M.A.N.; Cunha, A.M. Effect of Different Cryopreservation Extenders Added with Antioxidants on Semen Quality and in Vitro Embryo Production Efficiency in Cattle. An. Acad. Bras. Cienc. 2021, 93. [Google Scholar] [CrossRef]

	



Jahanbin, R.; Yazdanshenas, P.; Rahimi, M.; Hajarizadeh, A.; Tvrda, E.; Nazari, S.A.; Mohammadi-Sangcheshmeh, A.; Ghanem, N. In Vivo and In Vitro Evaluation of Bull Semen Processed with Zinc (Zn) Nanoparticles. Biol. Trace Elem. Res. 2021, 199, 126–135. [Google Scholar] [CrossRef]

	



Stephenson, J.L.; Brackett, B.G. Influences of Zinc on Fertilisation and Development of Bovine Oocytes in Vitro. Zygote 1999, 7, 195–201. [Google Scholar] [CrossRef]

	



Duncan, F.E.; Que, E.L.; Zhang, N.; Feinberg, E.C.; O’Halloran, T.V.; Woodruff, T.K. The Zinc Spark Is an Inorganic Signature of Human Egg Activation. Sci. Rep. 2016, 6, 24737. [Google Scholar] [CrossRef]

	



Kerns, K.; Zigo, M.; Drobnis, E.Z.; Sutovsky, M.; Sutovsky, P. Zinc Ion Flux during Mammalian Sperm Capacitation. Nat. Commun. 2018, 9, 2061. [Google Scholar] [CrossRef] [PubMed]

	



Gonçalves, F.; Barretto, L.; Arruda, R.; Perri, S.; Mingoti, G. Effect of Antioxidants During Bovine In Vitro Fertilization Procedures on Spermatozoa and Embryo Development. Reprod. Domest. Anim. 2010, 45, 129–135. [Google Scholar] [CrossRef] [PubMed]

	



Hansen, P.J.; Drost, M.; Rivera, R.M.; Paula-Lopes, F.F.; Al-Katanani, Y.M.; Krininger, C.E.; Chase, C.C. Adverse Impact of Heat Stress on Embryo Production: Causes and Strategies for Mitigation. Theriogenology 2001, 55, 91–103. [Google Scholar] [CrossRef] [PubMed]

	



Wydooghe, E.; Heras, S.; Dewulf, J.; Piepers, S.; Van den Abbeel, E.; De Sutter, P.; Vandaele, L.; Van Soom, A. Replacing Serum in Culture Medium with Albumin and Insulin, Transferrin and Selenium Is the Key to Successful Bovine Embryo Development in Individual Culture. Reprod. Fertil. Dev. 2014, 26, 717. [Google Scholar] [CrossRef] [PubMed]

	



Guimarães, A.L.S.; Pereira, S.A.; Diógenes, M.N.; Dode, M.A.N. Effect of Insulin–Transferrin–Selenium (ITS) and l-Ascorbic Acid (AA) during in Vitro Maturation on in Vitro Bovine Embryo Development. Zygote 2016, 24, 890–899. [Google Scholar] [CrossRef] [PubMed]

	



dos Santos Mendonça-Soares, A.; Guimarães, A.L.S.; Fidelis, A.A.G.; Franco, M.M.; Dode, M.A.N. The Use of Insulin-Transferrin-Selenium (ITS), and Folic Acid on Individual in Vitro Embryo Culture Systems in Cattle. Theriogenology 2022, 184, 153–161. [Google Scholar] [CrossRef] [PubMed]

	



Guimarães, A.L.S.; Pereira, S.A.; Kussano, N.R.; Dode, M.A.N. The Effect of Pre-Maturation Culture Using Phosphodiesterase Type 3 Inhibitor and Insulin, Transferrin and Selenium on Nuclear and Cytoplasmic Maturation of Bovine Oocytes. Zygote 2016, 24, 219–229. [Google Scholar] [CrossRef]

	



Smits, A.; Leroy, J.L.M.R.; Bols, P.E.J.; De Bie, J.; Marei, W.F.A. Rescue Potential of Supportive Embryo Culture Conditions on Bovine Embryos Derived from Metabolically Compromised Oocytes. Int. J. Mol. Sci. 2020, 21, 8206. [Google Scholar] [CrossRef]

	



Raghu, H.M.; Reddy, S.M.; Nandi, S. Effect of Insulin, Transferrin and Selenium and Epidermal Growth Factor on Development of Buffalo Oocytes to the Blastocyst Stage in Vitro in Serum-free, Semidefined Media. Vet. Rec. 2002, 151, 260–265. [Google Scholar] [CrossRef]

	



Córdova, B.; Morató, R.; Izquierdo, D.; Paramio, T.; Mogas, T. Effect of the Addition of Insulin-Transferrin-Selenium and/or L-Ascorbic Acid to the in Vitro Maturation of Prepubertal Bovine Oocytes on Cytoplasmic Maturation and Embryo Development. Theriogenology 2010, 74, 1341–1348. [Google Scholar] [CrossRef]

	



Wooldridge, L.K.; Nardi, M.E.; Ealy, A.D. Zinc Supplementation during in Vitro Embryo Culture Increases Inner Cell Mass and Total Cell Numbers in Bovine Blastocysts1. J. Anim. Sci. 2019, 97, 4946–4950. [Google Scholar] [CrossRef] [PubMed]

	



Sun, W.-J.; Pang, Y.-W.; Liu, Y.; Hao, H.-S.; Zhao, X.-M.; Qin, T.; Zhu, H.-B.; Du, W.-H. Exogenous Glutathione Supplementation in Culture Medium Improves the Bovine Embryo Development after in Vitro Fertilization. Theriogenology 2015, 84, 716–723. [Google Scholar] [CrossRef] [PubMed]

	



Li, F.; Cui, L.; Yu, D.; Hao, H.; Liu, Y.; Zhao, X.; Pang, Y.; Zhu, H.; Du, W. Exogenous Glutathione Improves Intracellular Glutathione Synthesis via the Γ-glutamyl Cycle in Bovine Zygotes and Cleavage Embryos. J. Cell. Physiol. 2019, 234, 7384–7394. [Google Scholar] [CrossRef] [PubMed]








[image: Animals 14 00330 g001] 





Figure 1. The formation of reduced oxygen species (ROS) and the main types of damage these molecules produce within cells. (A) The mitochondria are a predominant source for ROS production when electrons (e−) escape from complexes I, II, and III, and will quickly react with oxygen (O2) to produce superoxide anion (O2•−). Superoxide dismutase (SOD) will reduce O2•− to hydrogen peroxide (H2O2), where it can enter the cytoplasm through peroxiporins in the mitochondrial membrane. In the cytoplasm, H2O2 can further react with transition metals, such as iron (Fe2+), to produce the hydroxyl radical (•OH) and hydroxide (OH−). Nitric oxide synthase (NOS) will generate nitric oxide (NO) in normal amino acid metabolism. However, reactive nitrogen species (RNS) may also be produced from O2•− reacting with NO to produce peroxynitrite (ONOO−). The endoplasmic reticulum (ER) is also responsible for producing ROS from excess protein synthesis that can lead to misfolded proteins and ER stress. Stressed ER will generate H2O2. (B) Nucleic acids, lipids, and proteins are primary targets for ROS-induced damage. Nucleic acid damage forms lesions and strand breaks in DNA and can alter the methylation profile. Lipid peroxidation of the cell, mitochondria, and nucleus are another target for ROS. Damage occurs when •OH binds to lipids to generate a peroxyl radical that will react with an additional polyunsaturated fatty acid to form hydroperoxide and alkyl radicals (ROO•). This feed-forward reaction will compromise membrane fluidity and function. Additionally, mitochondrial membrane permeability may be altered to change the conductance state of the mitochondria. Protein damage is also caused by ROS where •OH binds to generate ROO•. Created with Biorender.com (accessed on 12 January 2023). 
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Figure 2. Elevated oxygen concentration during culture has detrimental effects on blastocyst development. These studies evaluated bovine embryonic development cultured in either 5% (individual studies represented as a dot) or 20% oxygen concentration (individual studies represented as a square) for the entirety of the culture period [7,52,54,55]. 
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Figure 3. Cellular control of reactive oxygen species (ROS). (A) There are three intrinsic mechanisms to reduce ROS. Superoxide dismutase (SOD) is localized in different portions of the cell, with SOD1 (Cu/Zn-SOD) present in the cytoplasm and nucleus, SOD2 (Mn-SOD) present in the mitochondrial matrix, and SOD3 (Extracellular-Cu/Zn-SOD) located extracellularly. These manage ROS by reducing O2•− to H2O2. There are two methods to reduce H2O2. The first method is by catalase enzyme (CAT), which acts in a two-step reaction to remove two H2O2 and produce two water and one oxygen. The second method is glutathione and glutathione peroxidase (GPx). The reduced form of glutathione (GSH) is activated by GPx to convert two water molecules from H2O2. The oxidized form of GSH (GSSG) is replenished by glutathione reductase to remove future ROS. (B) Five antioxidant pathways are reviewed herein for their ability to assist in removing ROS. Cysteine is produced in the cytoplasm after cystine is transported through a cystine/glutamate antiporter (XCT). Cysteine contributes to the formation of γ-glutamylcysteine (GGC) after reacting with glutamate (Glu) produced by the mitochondria. Finally, GGC reacts with glycine (Gly) to form GSH. Cysteamine is important as it assists in the conversion of cystine to cysteine. Both cysteine and cysteamine feed into the production of hypotaurine. Hypotaurine reduces H2O2 to form water and taurine. However, hypotaurine may also produce H2O2 and peroxytaurine from O2•− and hydrogen. Zinc enters the cell through zinc transporters (ZnT) and contributes to the formation of SOD1 (Cu/Zn-SOD). Selenite is commonly included in cultures produced by IVP where it can enter the cell and produce selenide. Selenium is a cofactor for GPx. Created with Biorender.com. 
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Figure 4. During IVP, bovine oocytes and embryos are assaulted by several external factors that include temperature fluctuations, exposure to atmospheric oxygen, pH changes and light exposure and potentially undergo cryopreservation. These stimuli increase ROS and RNS. When left uncontrolled, substantial damage may occur that includes DNA damage, alterations in methylation profile, lipid peroxidation, and protein modifications. However, if controlled by intrinsic mitigation pathways including SOD, CAT, GSH, and GPx or by antioxidant supplementation, ROS and RNS have a reduced detrimental effect that improves embryonic development. Created with Biorender.com. 
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