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Abstract

:

Simple Summary


The oxidative stress in the cell is the result of an imbalance between oxidants and the antioxidant defense system. In particular, oxidative stress in erythrocytes and spermatozoa of small domestic ruminants can negatively affect their productivity and welfare. This review highlights the assay methods for the quantification of ROS and enzymatic antioxidant activity in these cells, in order to help the researchers to evaluate the intracellular oxidative status and antioxidant defenses. These data can be useful in monitoring the health and reproduction of small domestic ruminants.




Abstract


The present review aims to provide an overview of the assay methods for the quantification of ROS and principal enzymatic antioxidants as biomarkers of oxidative stress in erythrocytes and spermatozoa of small domestic ruminants. A complete literature search was carried out in PubMed, Scopus and the World Wide Web using relevant keywords and focusing on the last five years (2018–2023). Among spectrophotometry, fluorometry and chemiluminescence, the most widely used method for ROS assay is fluorometry, probably because it allows to simultaneously assay several ROS, using different probes, with greater economic advantages. Regarding intracellular antioxidant enzymes, recent literature reports only spectrophotometric methods, many of which use commercial kits. The use of a less sensitive but cheapest method is suitable because both erythrocytes and spermatozoa samples are highly concentrated in domestic ruminant species. All methods considered in this review have been found to be appropriate; in general, the differences are related to their costs and sensitivity. Quantification of ROS and enzymatic antioxidant activity in erythrocytes and spermatozoa may find application in the study of the welfare and health status of small domestic ruminants for monitoring livestock production.
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1. Introduction


Oxygen is a fundamental element in aerobic life and oxidative metabolism representing the principal energy source for aerobic cells [1,2]. Reactive oxygen species (ROS) are generated by a variety of cellular metabolic activities and as a by-product of ATP generation mediated by mitochondrial respiration [3,4]. ROS are engaged in many redox-governing cell activities for the preservation of cellular homeostasis [5]. Redox balance is the basis of animal welfare and health; oxidative stress (OS) in the cell is the result of an imbalance between the level of ROS and the antioxidant defense systems [6]. A decrease in antioxidants defenses or an increase in oxidants level causes an imbalance in favor of the oxidative state, which could have harmful effects, such as the development of tumors [7,8,9], reproductive problems [10,11] and conditions altering animal health and welfare [12,13]. Figure 1 summarizes the imbalance between antioxidants and oxidants in the cell and the consequences of OS. Nowadays, increasing research efforts focusing on the study of OS have proven that it is linked to animal and human nutrition, health, reproduction, growth and environmental pollution [10,11,12,13,14]. Furthermore, environmental contaminants (bisphenols, pesticides, metals and metalloids) have also been gaining more attention in the livestock sector because of their harmful effects on animals’ productivity and fertility, which is associated with the production of ROS [15,16].



ROS and other oxidants can cause the oxidation of DNA, proteins and lipids with consequent membranes and tissue damage that can lead to cell death via apoptosis or necrosis [17,18]. In Table 1, the principal ROS, along with the metabolic way from which they derive, are summarized.



Cells’ redox balance is maintained by the action of antioxidant enzymes, such as superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPX), glutathione reductase (GSR) and other substances, such as glutathione (GSH), total thiols, vitamins E, C and A, that reduce the excess of ROS [25]. In Table 2, the main enzymatic antioxidants with their physiological functions are reported.



The overall oxidative state of the cell, with the main ROS and the system of enzymatic antioxidants, are summarized in Figure 2.



Recently, several studies have focused on the evaluation of OS in animals in order to provide useful information to farmers for improving animal’s health and welfare and obtain a better production of meat or milk by addition of antioxidants or rebalancing diet. Song et al. [30] reported that reduced milk production in cows with ketosis is partly due to increased OS along with mitochondrial dysfunction in the mammary gland.



A study by Zheng et al. [31] showed that cows with high serum ROS content may suffer oxidative damage more than those with low ROS levels. In these animals, the levels of several antioxidants, including CAT, GPX and SOD, increased proportionally to ROS. Higher serum activity of CAT, GPX and SOD may be a physiological response to neutralize/mitigate the action of ROS [31].



Majrashi et al. [32] reported that aging can induce OS and decrease ATP production and mitochondrial function in goat testis. Antioxidants that are naturally present in cells and biological fluids fail to eliminate the excessive amount of ROS produced during aging, leading to cell death and tissue damage. Therefore, the addition of antioxidants in feed could significantly reduce OS and improve mitochondrial function, resulting in improved goat health.



Çelik et al. [33] reported that OS in sheep, caused by a change in altitude, could be reduced by supplementing the feed with antioxidants. This appears to prevent OS from negatively affecting meat quality in sheep.



Different authors indicated a relationship between heat stress (HS) and OS, due to similar genes expressed after heat or oxidant agents’ exposure [34,35]. Indeed, HS was also proven to increase antioxidant enzyme activities (SOD, CAT and GPX) as a consequence of increased ROS levels due to heat exposure [36].



HS was proven to be responsible of inducing oxidative stress in sheep [36,37,38]. The increased environmental temperature and humidity that occur during summer can compromise animal production in livestock industries [39].



Slimen et al. [34] reported that HS affects the oxidative status of blood sheep leading to an overproduction of transition metal ions, that determine electron donations to oxygen, and formation of superoxide anion and/or hydrogen peroxide.



Furthermore, Shahat et al. [40] demonstrated that mild HS induces deleterious effects on animal health and reproduction, causing total and/or progressive reduction in sperm motility and acrosome integrity of fresh spermatozoa. These effects can be mitigated by slow release of substances with antioxidant effect as melatonin, taken before HS exposure.



The importance of studying OS for the assessment of animal welfare and health has led researchers to focus on studying the imbalance between oxidants and antioxidants in animal cells. Specifically, in this review, we focused on the study of two particular mammalian cells, erythrocytes and spermatozoa. These cells are unable to activate transcription processes in order to increase their antioxidant defenses, because of their intrinsic nature. Erythrocyte is, in fact, an enucleated cell in mammalian and the spermatozoon is a haploid cell.



Spermatozoa and erythrocytes are highly susceptible to the deleterious effects of ROS due to the large amount of unsaturated fatty acids found in their cell membranes. ROS promote peroxidation of lipids, resulting in loss of membrane integrity with a consequent increase in permeability. Malondialdehyde (MDA), a typical product of lipid peroxidation by ROS, can crosslink phospholipids and proteins and oxidize sulfhydryl groups of proteins, damaging the cell membrane and causing hemolysis [18,41]. A group of researchers found that the addition in vitro of pro-oxidant molecules to sheep erythrocytes led to an increase in MDA and ROS levels and damage the erythrocyte membranes [18]. In erythrocytes, high levels of ROS can determine eryptosis [42], and the addition of antioxidants protects them from this fatal event [43].



Also, spermatozoa are very vulnerable to oxidative attack because their cellular membrane contains an elevated quantity of polyunsaturated fatty acids (PUFA), highly sensitive to lipid peroxidation. Furthermore, these cells contain a large number of mitochondria, that provide the necessary energy for sperm motility, but they constitute also the major source of ROS in spermatozoa [44].



Membrane integrity is critical for both erythrocytes and spermatozoa. Indeed, the function of erythrocytes is to promote gas exchange through the small capillary circulation [45,46], while for spermatozoa, membrane integrity is essential to maintain their fertilizing capacity and to undergo the acrosomal reaction [27].



OS in spermatozoa is linked to male infertility, reduced sperm motility, sperm DNA damage and increased risk of recurrent abortions and genetic diseases [27,47]. Sperm motility is essential for normal fertilization, and the orientation of motility and the motor strategy of spermatozoa are crucial features as well. Consequently, OS impairs the main functionality of spermatozoa.



The metalloprotein SOD is an important antioxidant defense in almost all cells exposed to oxygen. SOD, together with glutathione (GSH), is one of the most important intracellular scavenger systems of spermatozoa and erythrocytes, able to reduce the superoxide anion (O2−•) to hydrogen peroxide (H2O2) [48]. CAT and GPX together with SOD represent the catalytic forces to protect cells, particularly the two cells considered, against excessive ROS production [49,50].



This review collects recent articles (2018–2023) focusing on ROS and major enzymatic biomarkers of OS in two mammalian cells: erythrocytes and spermatozoa. The aim is to provide an overview of the main methods used to measure them in small domestic ruminants.




2. Oxidative Stress in Erythrocytes


Hematopoietic stem cells (HSCs) of bone marrow are multipotential cells that give rise to mature cellular elements of the blood (e.g., red blood cells (RBCs), neutrophils, monocytes, platelets, etc.) [51]. Erythropoiesis is the process of proliferation and progressive differentiation of HSCs into RBCs. Precursor cells undergo a series of division and differentiation steps until the nucleus is extruded (in mammals) [52]. Mature RBCs have no nuclei and organelles, and thus are not able to synthesize proteins. Therefore, the entire complement of functional proteins must be already present in mature erythrocytes. The RBCs membrane, essential for microcirculation and gas exchange [53], consists of a phospholipid bilayer with integral proteins associated. Between them, the glycoprotein membrane Band 3 protein (B3p) makes up to 50% of erythrocytes membrane proteins [41].



Several studies report that oxidative damage in erythrocytes leads to irreversible clustering of B3p [54,55]. In physiological conditions, this is an essential step of RBCs senescence and eryptosis processes, that result in cellular removal [42,43]. Such structural alteration, linked to oxidative damage, implies the removal of senescent erythrocytes [55]. Baralla et al. [18] reported that the sheep erythrocytes, damaged by the treatment with prooxidant molecules, cannot be eliminated in in vitro conditions, because they are not provided in in vivo blood circle, and then, they undergo hemolysis due to membrane damage.



Oxidative damage has been demonstrated to decrease the survival and rheological properties of erythrocytes, affecting their homeostasis, which is tightly linked to B3p functions, particularly vulnerable to redox balance variations [55]. Alterations in erythrocyte deformability, caused by OS, underline the problems in the microcirculatory profile [56].



OS can damage membrane PUFAs, such as RBCs hemoglobin and several enzymes (particularly their sulfhydryl groups) [57]. Oxidation of hemoglobin alpha leads to the formation of hemichromes, which are proportional to hemolysis [58,59]. Interaction of oxidized hemoglobin with the membrane might lead to removal of RBCs through the increase in membrane rigidity, decrease in deformability and/or stimulation of membrane proteolysis [60]. These processes might be a cause of the increase in morphological changes and osmotic fragility of RBCs, making erythrocytes susceptible to phagocytosis [18,61].



After being release from bone marrow, RBCs circulate throughout the vascular system thousands of times before being removed, disassembled, and scavenged by macrophages. The RBC lifespan varies characteristically with species and the differences are at least partially explained by different metabolic rates. Comparative studies reveal that RBCs’ lifespan is positively correlated with species longevity and body mass. As a result, bigger mammals tend to live longer and have longer RBC lifespan than smaller species [60,62].



Several experimental studies reported that RBC lifespan in healthy animals may be influenced by RBCs’ antioxidant status. Kurata et al. [60,63] found that RBCs’ potential lifespan in several mammalian species is significantly correlated with the RBCs’ levels of SOD, GPX, and GSH.



Aged RBCs have shown compromised antioxidant capacity, including decreases in reduced glutathione, GSR activity and increased lipid peroxidation [60].



For all these reasons, the RBCs represent an ideal model to investigate oxidative damage in bio-membranes [64].




3. Oxidative Stress in Spermatozoa


The spermatozoon, a gamete generated in the male reproductive tract, moves to the female reproductive tract in order to fertilize an egg [65]. In mammals, sperm of the post testicular epididymal tract turns into spermatozoa capable of fertilization [50]. ROS have proven to be fundamental in sperm maturation and capacitation processes. However, until fertilization, oxidative damage is a threat to spermatozoa [50]. Membrane integrity, and in particular acrosome integrity, are essential for spermatozoa fertilizing capacity and for sperm penetration into the egg [66]. PUFA presence gives the membrane the fluidity and flexibility needed to engage in membrane fusion events associated with fertilization [27].



As a transcriptionally silent cell, spermatozoa largely depend on post-translational modifications of proteins to regulate their functions. Among these regulatory mechanisms, redox regulation plays a significant role, and the deregulation of redox homeostasis is a cause of male infertility [65].



Several technologies have been experimented to improve animal reproductive performances. Among them, the cryopreservation of semen, widely used in animals, is an energy-demanding activity, which generates ROS during the metabolic processes [67].



OS represents a major factor in sub lethal cryodamage of sperm in animal species, because, after semen dilution and cryopreservation, there is a significant reduction in the level of spermatozoa antioxidants, thus leading to enhanced susceptibility of these cells to peroxidative injuries [27,68].



In mammalian spermatozoa, ROS can attack important substrates, such as DNA, PUFA, and proteins [69]. Experimental studies revealed that OS breaks the DNA strand in spermatozoa, as detected via the comet assay [27,69].



The lipid peroxidation of PUFA in spermatozoa results in the loss of membrane functionality and integrity, and it varies across sperm regions [70,71]. For example, frozen/thawed ruminants spermatozoa showed more intense lipid peroxidation in the sperm flagellum with a greater PUFA content, with respect to the sperm head [71,72,73]. MDA is a cytotoxic aldehyde produced by lipid peroxidation and its assay provides important indications as an OS marker [27,74]. Researchers found that the use of antioxidants in the sperm freezing extender can reduce the destructive effects of ROS and can improve the post-thawing quality of goat spermatozoa [75].



Spermatozoa proteins are involved in key functions, such as sperm motility, capacitation, oocyte binding ability, and the acrosome reaction [76]. Significant redox-dependent modifications of proteins are thiol oxidation, tyrosine nitration, and S-glutathionylation. O’Flaherty et al. [77] reported that these reactions were associated with an impairment of sperm function leading to infertility, altering sperm motility in ruminants and equine, and sperm capacitation. Within proteins, the specific ratio of oxidated/reduced thiol groups (SS/SH) is essential to assure protein functions, but it can be affected by ROS [77]. Thus, the quantification of total thiols and/or GSH in cells is critical for monitoring the level of OS.



In cellular detoxification processes, the SOD-CAT-GPX catalytic triad represents the antioxidant defense against excessive ROS production in spermatozoa (Figure 2). GPX is the major representative of catalytic triad and its expression failure in the spermatozoa is correlated with infertility [50].




4. Assays for Measurement of ROS


4.1. ROS Assay in Erythrocytes


Two recent papers for the measurement of ROS in ovine erythrocytes, using the most common ROS assays in RBCs (7 × 106 RBCs/mL), with fluorescence detection, were reported [18,46]. In both assays, probe 2′,7′-dichlorodihydrofluorescein diacetate (H2DCF-DA) at the final concentration of 3 µM was used. Within the cell, the esterase cleaves the acetate groups of H2DCF-DA, resulting in the formation of the probe 2′,7′-dichlorodihydrofluorescein (H2DCF). Then, intracellular ROS oxidize the H2DCF, yielding the fluorescent product, 2′,7′-dichlorofluorescein (DCF). Fluorescence was measured using a fluorescent microplate reader at excitation and emission wavelengths of 485 and 535 nm, respectively. All fluorescence measurements (relative fluorescence unit—RFU) were corrected for background fluorescence [46] and expressed as RFU/106 erythrocytes. In the two papers, the values of intracellular ROS for untreated RBCs of sarda sheep were ≈300 RFU/106 erythrocytes. Given that H2DCF-DA is not cell-specific, some authors quantified fluorescence specifically on animal erythrocytes, removing leukocytes and platelets signal, using flow cytometry [78].




4.2. ROS Assay in Spermatozoa


Different spectrophotometric, fluorometric and chemiluminescent assay methods for intracellular ROS quantification in small domestic ruminant spermatozoa are summarized in Table 3.



Falchi et al. [79] used 2′,7′-dichlorodihydrofluorescein diacetate probe (H2DCF-DA, final concentration of 10 µM) for the assessment of intracellular ROS in spermatozoa of rams (Italy). Samples (600 × 106 spermatozoa/mL) were analyzed via flow cytometric analysis. Fluorescence emission increased from a basal value of about 2 to a value of about 5 following sperm incubation at 4 °C for 96 h with or without increasing concentrations of cerium dioxide nanoparticles (CeO2 NPs). ROS concentrations ranged from 1.5 to 6 Rfu (relative fluorescence unit).



Merati et al. [80] measured, via a flow cytometer at 488 nm, the ROS level in spermatozoa of rams (4–5 years old, Iran). Briefly, 10 mL of 2′,7′-dichlorofluorescein diacetate (DCFH-DA, 25 mM), and 20 mL of dihydroethidium (DHE, 125 mM) were added to 1 × 106 sperm suspension and incubated at 25 °C for 40 min for DCFH-DA and for 20 min for DHE. DCFH-DA is considered a general indicator of ROS, reacting with H2O2, ONOOֺ°, lipid hydroperoxides, while DHE is used extensively to monitor superoxide production. DHE upon reaction with superoxide anions forms a red fluorescent product (ethidium = HE) which intercalates with DNA. Green fluorescence (DCFH) was evaluated between 500 and 530 nm, and red fluorescence (HE) was assessed between 590 and 700 nm (excitation, 488 nm; emission, 525 and 625 nm). Data were expressed as the percentage of fluorescent spermatozoa. Propidium iodide (PI) has been used as a counter-stain dye for DCFH and Yo-Pro-1 as a counter-stain dye for HE. The results ranged from 22.8% to 56.1% for H2O2 and from 0.4% to 3.1% for O2−.



Reiten et al. [81] used spermatozoa (5 × 106 spermatozoa/mL) of the Norwegian dairy goat breed (age 208–223 days, Hjermstad, Norway) for assaying ROS with flow cytometer. Hoechst 34580 (1.25 µM) and Mitotracker Orange CMTMRos (MO, 0.15 µM) (Invitrogen, ThermoFisher Scientific, Rodano, Italy) were used to eliminate non-spermatozoa events based on DNA and mitochondrial staining, respectively. PI (5 µg/mL) was used to discriminate between plasma membrane-intact and degenerated spermatozoa, while CellROX R Deep Red Reagent was used to assess levels of ROS as a measure of cellular oxidative stress. The results ranged from 10 to 60%.



Escobar et al. [82] assayed ROS, with a spectrofluorimetric method using DCFH-DA, in rams spermatozoa (average age 10 months old, Brazil). The samples were incubated in the dark with 5 mL of DCFH-DA (1 mM). The oxidation of DCFH-DA to DCFH by the ROS was monitored. The fluorescence intensity emitted at 520 nm (488 nm excitation) was monitored 60 min after the addition of the probe. The results ranged from 10 to 100 Rfu.



Gimeno-Martos et al. [83] assayed ROS in spermatozoa of Raza Aragonesa rams (2–4 years old, Zaragoza, Spain). Briefly, 5 × 106 sperm/mL were stained with 5 µL of probes (H2DCF-DA, 20 µL and PI, 1.5 mM) after 15 min at 37 °C in the dark; the samples were fixed with 5 µL formaldehyde (0.5% in water) and analyzed via flow cytometry (filter 525 and 675 nm). Intracellular ROS levels ranged between 3.9 and 11.2 Rfu.



Liu et al. [84] assayed ROS in spermatozoa of Guanzhong dairy goats (2–3 years old, Shaanxi, China) using DCFH-DA. Briefly, 1 × 106 spermatozoa were washed in PBS and were incubated with 100 mM DCFH-DA at 37 °C for 30 min. The fluorescence of DCF was measured on a flow cytometer at a wavelength of 485/535 nm. The results ranged from 8.36 to 53.83% for DCF-positive cells.



Lv et al. [85] used goats (2–3 years old, Kunming, China) for the collection of semen. Briefly, 1 × 106 spermatozoa/mL was mixed with H2DCF-DA (20 μM) and 50 μL PI (50 μg/mL). Then, the samples were incubated for 60 min at room temperature in darkness. The spermatozoa suspension was analyzed using flow cytometry. Results are expressed as percentage of viable spermatozoa with less ROS production (identified by H2DCF-DA negative and no PI staining) and were ranged from 54 to 67%.



Zarepourfard et al. [86] used male goats (5–6 years old, Isfahan, Iran) to carry out semen collection employing flow cytometer to determine the ROS content. The percentage of ROS positive spermatozoa was measured following incubation of 1 × 106 sperm/mL with 5 mM of DCFH-DA for 30 min at room temperature. Live sperm produce a detectable amount of physiological ROS and therefore, the sperm may become DCF-positive. ROS results ranged from 38.7% to 62.0%.



Kumar et al. [87] measured oxidative status in spermatozoa of sexually mature and healthy goats (2–3 years old). The sperm (10 × 108 spermatozoa/mg protein) was mechanically lysed by liquid nitrogen, centrifuged and the supernatant was used for the analysis. OS was assessed by monitoring the concentration of the N,N-diethylparaphenylendiamine (DEPPD) radical cation. The formation of this radical cation is not only due to hydroperoxides present in the sample, but also other oxidizing agents. ROS results ranged between 0.16 ± 0.011 and 0.74 ± 0.028 mg H2O2/108 spermatozoa. [87].



Anzalone et al. [88] used a dichloromethyl derivate of H2DCFDA (5-(and 6-)chloromethyl-2′,7′-dichlorodihydrofuorescein diacetate (CM-H2DCFDA, final concentration of 3 µM) as a probe for ROS determination in intact ram spermatozoa. CM-H2DCFDA is sensitive to a wide range of ROS (H2O2, ONOO-, superoxide anion, and hydroxyl). Fluorescence measurements (excitation and emission wavelengths were 490 nm and 520 nm, respectively) were carried out in a multimode plate reader during overnight incubation (38 °C). The kinetic of the probe oxidation rate was evaluated from the slope of the fluorescence emission intensity in the initial 10 min of the total recording time. The results are expressed as mean and standard deviation of fluorescence intensity slope as a function of time (DF/min) in the linear region (corresponding to the first 10 min of the kinetic measurement) and the authors found ROS equal to ≈ 63 DF/min when spermatozoa were diluted in PBS.



The same CM-H2DCFDA fluorescent probe for ROS quantification in ovine spermatozoa was also performed using a cytofluorometer detector [89,90]. Del Olmo et al. [89] found that the 3.3% ÷ 4.0% ± 0.2% of live spermatozoa positive to probe in ram spermatozoa (108 cells/mL) using flow cytometer. Vašíček et al. [90] measured ROS levels in ram semen samples (1 × 106 spermatozoa in PBS) via flow cytofluorimetry using four different fluorescent probes: a green dye nonspecifically indicating the presence of intracellular ROS (CM- H2DCFDA, final concentration of 500 nM), a red superoxide indicator (DHE, final concentration of 2 µM), a red mitochondrial superoxide indicator (MitoSOX™, final concentration of 500 nM), and a green lipid peroxidation sensor (BODIPY™, final concentration of 200 nM) [90]. They reported 25 ÷ 40% positive cells to CM- CM-H2DCFDA, 15 ÷ 25% positive cells to DHE, 10 ÷ 20% positive cells to MitoSOX and 8 ÷ 20% positive cells to BODIPY. The authors reported that the unspecific CM-H2DCFDA probe had higher proportion of ROS positive spermatozoa than the specific probes. Thus, CM-H2DCFDA seems to be a suitable probe for rapid unspecific detection of ROS production in ram semen samples prior to their further processing [90].



Zarei et al. [91] evaluated the intracellular H2O2 concentration as an index of ROS, using DCFH-DA as a fluorescent probe (final concentration of 25 µM). DCFH-DA probe was added to ram sperm (Zandi sheeps 3 ÷ 5 × 106 spermatozoa/mL 200 cells/slide) and the fluorescence intensity was evaluated using a fluorescent microscope (490 nm/520 nm, excitation/emission wavelengths, respectively). ROS concentration was expressed as the percentage of probe-positive cells out of the total spermatozoa counted. The authors [91] found 10% of ROS in fresh semen and 24 ÷ 30% in frozen–thawed semen.



O’Brien et al. [92] detected ROS in sperm (25 × 106 sperm/mL 200 sperm cells/slide) of four different ovine species (ram (Ovis aries), mouflon (Ovis musimon), buck (Capra hircus), and Iberian ibex (Capra pyrenaica) from Madrid (40°25′ N), Spain) using a CellROX R green probe (final concentration of 5 µM) by an epifluorescence microscope with a triple band-pass filter (450 nm/490 nm, excitation/emission, respectively). This fluorescent probe penetrates the cell and when oxidized by intracellular free radicals, binds to DNA, emitting a more intense green fluorescence. The response to the stress of each species was illustrated by calculating a stress resistance ratio (SR) for the sperm variables: SR = (value after stress/value before stress) × 100 [92]. The ROS in sperm were evaluated before the stress condition, after refrigeration at 15 °C for 20 h, and subsequent incubation at 38.5 °C for 2 h. ROS increases significantly in three of the four sheep species after incubation at 15 °C and also after subsequent incubation at 38 °C, increasing from SR basal values of 100 to SR maximum values of 350.



Jiménez et al. [93] detected intracellular superoxide (O2−•) levels in ram semen (5 × 106 cells/mL) from Raza Aragonesa rams (2–4 years old) located in Zaragoza, Spain, using DHE (final concentration of 4 µM) and Yo-Pro-1 (final concentration of 40 nM) fluorochromes. DHE is permeable to cells, and it is oxidized by O2−• to the red fluorescent compound ethidium (E) and detected using flow cytometer. Yo-Pro-1 labels non-viable cells with green fluorescence. A percentage of 10% of viable spermatozoa with high superoxide levels (Yo-Pro-1−/E+) was found, although the values increased (35%) with in vitro addition of calcium ionophore, and then returned to lower values (20%), with the concomitant presence of melatonin and its antioxidant action.



Wang et al. [94] used a commercial kit (Beyotime Institute of Biotechnology, Shanghai, China) to determine ROS content in ram semen (2.0 × 109/mL), using DCFH-DC as a probe. The fluorescence intensity was monitored using a multifunctional microplate reader (PerkinElmer Inc., NYSE: PKI, Waltham, MA, USA) at Ex/Em = 488/525 nm). The results found ranged from 2500 to 3500 rfu.



Yu Gao et al. [95] studied old Suffolk White rams (age of 1–2 years Beijing, China) and the in vitro effect of leptin on their sperm quality. Intracellular ROS of sperm was assessed with a ROS Assay Kit (SAS, Beijing, China) containing H2DCFDA according to the manufacturer’s instruction. Briefly, 1 µL of H2DCFDA and 5 µL of PI were added into the sperm suspension and mixed well, following incubation at 37 °C for 30 min in the dark. The samples were centrifuged and suspended with PBS. Then, the samples were detected using a flow cytometer. ROS levels determined were 0.25 ÷ 0.8%.



Shahat et al. [40] studied the effects of melatonin or L-arginine on the quality of frozen-thawed sperm from heat-stressed Dorset rams (3–4 years old, Canada). For total ROS, ~3 × 106 sperm were centrifuged at 400× g for 5 min, yielding a working concentration of 1 × 105 sperm/sample. Then, total ROS was analyzed using a total ROS Assay Kit 520 nm (Invitrogen Life Technologies, Carlsbad, CA, USA) on BD™ LSR II flow cytometer (BD Biosciences, Oxford, UK) at 520 nm using the FITC channel. The flow rate was set to 200 events/s, with 10,000 events counted per sample and all samples tested in duplicate. The ROS detection solution contains a fluorescent probe that stains ROS in sperm, with results expressed as a percentage of sperm that had high ROS activity. The values found ranged from 62.1 ± 1.0 to 79.4 ± 1.4 ROS%.



Liang et al. [96] studied the effects of four extenders for semen cryopreservation (Andromed® (Andr®), Optidyl® (Opt®), P3644 Sigma l-phosphatidylcholine (l-α SL), and skim milk-based (milk) extenders) on the post-thaw quality and fertility of goat semen (Yunshang black bucks, weight 80–100 kg, aged between 2 and 3 years). The intracellular concentrations of ROS in frozen–thawed sperm were determined by staining with 2′, 7′-dichlorodihydrofluorescein diacetates (H2DCFDA) with flow cytometry analysis. Briefly, 500 μL of semen sample was diluted in the TALP buffer to obtain a final concentration of 1 × 106 sperm/mL and mixed with 0.5 μL H2DCFDA (final concentration of 20 μM) and 50 μL PI (50 μg/mL). Then, the samples were incubated for 60 min at room temperature in the darkness. The sperm suspension was analyzed using flow cytometry. The percentage of viable sperm with low ROS was identified by H2DCFDA negative and no PI staining. The green fluorescence from FITC-PSA, Annexin-V-FITC, and H2DCFDA was detected on a FacStar-plus flow cytometer (FAC-SCalibur) on the FL1 photodetector (530/30 BP filter). The values found ranged from 45 to 60 ROS%.



Longobardi et al. [97] studied the effect of crocin before cryopreservation in the extender for bucks/breed (2–4 years age, Italy) semen. ROS levels were measured as fluorescence emission of DHE. This probe is a cell-permeable compound oxidized by superoxide anion (O2−•) to ethidium bromide that binds to DNA and emits red fluorescence. DHE (2 µM) was added to frozen–thawed sperm samples and incubated in the dark, at room temperature, for 20 min. Emission was monitored at 570 nm, using a plate reader (GloMax®-Multi Detection System-Promega, Milano, Italy). ROS levels were evaluated as arbitrary units of fluorescent signal. ROS values ranged between 437.8 ± 4.9 and 347.6 ± 2.8 fluorescence intensity.



Monteiro et al. [98] evaluated the effect of antifreeze protein type III (AFP III) on the freezing of epididymal spermatozoa of goat (Brejo da Madre de Deus-PE, Brazil). For intracellular ROS levels analysis, performed with the Amnis ImageStream Mark II flow cytometer (EMD Millipore Corp., Lausanne, Switzerland), 5 μL of CM-H2DCFDA (50 μM in PBS) were added to the samples at 37 °C for 30 min. These were subsequently diluted with 1 mL of PBS and centrifuged (100× g/5 min) to remove unbound fluorochrome, and the sediment was resuspended with 40 μL of PBS. Then, 5 μL of PI was added to the sample, incubated at room temperature (5 min) and analyzed. The results were expressed as a percentage of viable cells with high levels of ROS (DCFDA+/PI). Values ranged from 79.02 ± 35.51 to 88.67 ± 23.13 ROS %.



Esmaeilkhanian et al. [99] assessed the efficacy of Mito-TEMPO on post-thawed goat sperm quality using Saanen goats in breeding season for sperm collection. Dichlorofluorescein diacetate (DCFH-DA) evaluated the intracellular H2O2 concentrations as an index of ROS. Semen samples were rinsed with PBS to a concentration of 3–5 × 106 spermatozoa/mL. DCFH-DA (25 μM) was added to the sperm suspension and incubated for 40 min at 25 °C. After washing, 2 μL of PI were added to the semen, and samples were analyzed via flow cytometry. Obtained values were ranged from 20 to 25 ROS %.



Nazari et al. [100] studied the effect of trehalose and pentoxifylline in diluents on cooled and frozen–thawed Markhoz goat sperm (3–4 years old of age and weighing 60–65 kg, Sanandaj, Iran). ROS flow cytometry (excitation: 488 nm; emission: 525–625 nm) was carried out using two specific dyes, DCFH-DA and DHE, to detect the intracellular H2O2 and O2−• in 1 × 106 spermatozoa. Data were expressed as the percentage of fluorescent sperm and PI was used as a counterstain dye for DCFH. ROS % values ranged from 19.24 to 52.78 and from 1.73 to 2.61 for H2O2 and O2−•, respectively.



Lv et al. [101] studied the effects of antifreeze protein (AFP) on frozen spermatozoa of black goats (2–3 years old Kunming, Yunnan province, China). The ROS ratios were measured with a flow cytometer by incubating spermatozoa with H2DCFDA. In brief, a 500 µL semen sample was first mixed with the TALP buffer to a final concentration of 1 × 106 spermatozoa/mL. Then, H2DCFDA (final concentration of 20 mM) and PI (50 mg/mL) were added to the above solution. Finally, mixed samples were incubated in darkness for 60 min at room temperature. Flow cytometry was used to examine the spermatozoa suspension. The percentage of viable spermatozoa with low ROS was identified by negative H2DCFDA and no PI staining. Values ranged from 60 to 65 ROS %.



Sun et al. [102] measured the levels of ROS in goat semen from Chongming White goats (3–5 years old) located in Shanghai, China, during spring to early summer, by a chemiluminescence assay using luminol (5-amino-2,3-dihydro-1,4-phthalazinedione). ROS levels were higher in the post-thawed spermatozoa containing soybean lecithin (SL) added to the extender at different concentrations, than in the control (egg yolk (EY) present in the extender). Only SL at 2% brought the ROS values equal to the control (5.5 IU/mL = intensity light units/mL).



Mehdipour et al. [103] investigated the effects of rosiglitazone on rams semen after cryopreservation on the quality of thawed sperm. Sperm from sexually mature Ghezel rams (3 to 4 years of age, Tabriz, Iran.) were sampled. After washing spermatozoa with PBS and their centrifugation at 300× g for 7 min, the supernatant was removed and luminol was added to measure ROS production. The results were expressed as 103 counted photons per minute (cpm) per 106 spermatozoa and ranged from 2 to 4.5 × 103 cpm/106 spermatozoa.
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Table 3. Different methods for ROS assay in spermatozoa of small domestic ruminants.
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Method

	
Instrument

	
Probe

	
Specie

	
Detected ROS

	
Concentration ROS

	
Refs.






	
ABSORBANCE

	
Spectrophotometer

	
DEPPD

	
Goat

	
Hydroperoxides

Other oxidizing agents

	
0.16 ÷ 0.74 mg H2O2/108 spermatozoa

	
[87]




	
FLUORESCENCE

	
Multimode plate reader

	
CM-H2DCFDA

	
Ram

	
Hydrogen peroxide

Superoxide radical hydroxyl radical

	
≈30 ÷ 65 rfu/min

	
[88]




	
Commercial kit (CA1410) by Solarbio

	
Goat

	
N.S.

	
397.6 ÷ 461.8 U/mL

	
[104]




	
DCFH-DC

	
Bucks

	
Hydrogen peroxide

	
3000 ÷ 3800 rfu

	
[105]




	
DHE

	
Bucks

Breed

	
Superoxide radical

	
437.8 ÷ 347.6 rfu

	
[97]




	
Fluorescent microscope

	
DCFH-DA

DCFH-DC

	
Ram

	
Hydrogen peroxide

	
10 ÷ 30%

	
[91,94]




	
Epifluorescence microscope

	
CellROX R green

	
Ram

Mouflon

Buck

Iberian ibex

	
Intracell.FreeRadicals

	
100 ÷ 350 SR (stress resistance ratio)

	
[92]




	
Flow Cytometer

	
H2DCF-DA

	
Ram

	
Hydrogen peroxide

	
1.5 ÷ 6 rfu

	
[79]




	
DCFH-DA/PI

DHE/Yo-Pro-1

	
Ram

	
Hydrogen peroxide

Superoxide radical

	
22.8 ÷ 56.1%

0.4 ÷ 3.1%

	
[80]




	
CellROX Rgreen/PI

	
Goat

	
Intracell.FreeRadicals

	
10 ÷ 60%

	
[81]




	
DCFH-DA

	
Ram

	
Hydrogen peroxide

	
10 ÷ 100 rfu

	
[82]




	
H2DCF-DA/PI

	
Ram

	
Hydrogen peroxide

	
3.9 ÷ 11.2 rfu

	
[83]




	
DCFH-DA

	
Goat

	
Hydrogen peroxide

	
8.4 ÷ 53.8%

	
[84]




	
H2DCF-DA

	
Goat

	
Hydrogen peroxide

	
54 ÷ 67%

	
[85]




	
DCFH-DA

	
Goat

	
Hydrogen peroxide

	
38.7 ÷ 62.0%

	
[86]




	
CM-H2DCFDA

	
Ram

	
N.S

	
3.3 ÷ 4.0%

	
[89]




	
CM-H2DCFDA

	
Ram

	
N.S.

	
25 ÷ 40%

	
[90]




	
DHE

	
Superoxide radical

	
15 ÷ 25%




	
MitoSOX™

	
Mitochondrial superoxide

	
10 ÷ 20%




	
BODIPY™

	
Lipid peroxides

	
8 ÷ 20%




	
DHE

	
Ram

	
Superoxide radical

	
10 ÷ 45%

	
[93]




	
H2DCF-DA Assay Kit (SAS, China)

	
Ram

	
Hydrogen peroxide

	
0.25 ÷ 0.8%

	
[95]




	
DCFH-DA/PI

	
Goat

	
Hydrogen peroxide

	
20 ÷ 25%

	
[99]




	
Commercial kit (Invitrogen Life Technologies)

	
Ram

	
N.S.

	
62.1 ÷ 79.4%

	
[40]




	
CM-H2DCFDA/PI

	
Goat

	
Hydrogen peroxide

	
79.0 ÷ 88.7%

	
[98]




	
DCFH-DA

DHE/PI

	
Goat

	
Hydrogen peroxide

Superoxide radical

	
19.2 ÷ 52.8%

1.7 ÷ 2.6%

	
[100]




	
H2DCFDA/PI

	
Goat

	
Hydrogen peroxide

	
60 ÷ 65%

	
[101]




	
H2DCF-DA

	
Goat buck

	
Hydrogen peroxide

	
45 ÷ 60%.

	
[96]




	
CHEMOLUMINESCENCE

	
Chemoluminescence reader

	
Luminol

	
Goat

	
N.S.

	
34.9 ÷ 60.6%

	
[102]




	
Luminol

	
Ram

	
N.S.

	
2 ÷ 4.5 × 103 cpm/106 sperma

	
[103]








DEPPD = N,N-diethylparaphenylendiamine radical cation; CM-H2DCFDA = (5-(and 6-)chloromethyl-2′,7′-dichlorodihydrofuorescein diacetate; DCFH-DA = 2′-7′dichlorohydrofluorescin diacetate; H2DCFDA = 2’,7’-dichlorodihydrofluorescein diacetate; DCF-DA = 2′-7′dichlorofluorescein diacetate; DHE = dihydroethidium (hydroethidine); MitoSOX = MitoSOX™ Red mitochondrial superoxide indicator; BODIPY = BODIPY™ 581/591 C11, a green lipid peroxidation sensor; Luminol = 5-amino-2,3-dihydro-1,4-phthalazinedione; PI = Propidium Iodide. N.S. = Not specified intracellular ROS. Rfu = Relative fluorescence unit.











As can be seen in Table 3, in recent years, most researchers employed fluorescent methods using mostly commercial kits, for ROS quantification. Only two papers with luminescent methods and one with spectrophotometric method are reported.





5. Assays for the Measurement of Enzymatic Antioxidants


5.1. SOD


5.1.1. SOD in Erythrocytes


Different methods for the measurement of SOD in erythrocytes of small domestic ruminants are summarized in Table 4.



In 2021, Pasciu et al. [46] investigated oxidative response under in vitro conditions using high doses of glycerol on the RBC of Sardinian sheep (Sassari, Italy). Blood cells were treated with HBSS containing 0.1% Triton X100. SOD activity in cellular extracts was enzymatically detected at 470 nm using the xanthine and xanthine oxidase methods. The SOD levels ranged from 50 to 80 U/106 erythrocytes.



Mousaie et al. [106] measured SOD activity in erythrocytes of male lambs (Jiroft, Iran), 28.5  ±  2.6 kg of body weight. RBC hemolysate was prepared according to manufacturer’s protocol (Randox Ransod kit, Randox Laboratories Ltd., Antrim, UK). The mean SOD level in erythrocytes was 1307.2 ± 29.8 unit per gram Hb (U/g Hb).



Tao et al. [107] evaluated the effect of copper sulphate poisoning on the morphological and functional characteristics of goat RBCs: for this in vitro study, five goats which were 10–14 months old (Xinjiang Uygur Autonomous Region China) were used. Erythrocytes were hemolyzed under hypotonic conditions. SOD activity was measured in terms of inhibition of the decrease in nitro-blue tetrazolium (NBT) by superoxide. One unit of SOD activity was determined as the amount of enzyme that caused a reduction in half the maximum suppression of NBT; this reduction was acquired by measuring the absorbance at 550 nm. The SOD obtained was 200 ÷ 300 U/mg protein.



In 2022, Zheng et al. [49] measured the antioxidant effect of flavonoids extracted from Chinese herb mulberry leaves in an in vitro study on sheep erythrocytes for analyzing the activity of antioxidative enzymes. Commercial kits (Nanjing Jiancheng Institute of Biotechnology of China) were used to assay SOD, GPX and CAT. Blood cells were collected in tubes with heparin anticoagulant and washed three times with PBS (pH 7.4), lysed by adding approximately 4 times the volume of ultrapure water and centrifuged (1200× g, 10 min, 4 °C) after 10 min of an ice bath. The obtained cell lysate was stored at −80 °C until analysis. Reported values, were of 2 ÷ 13 U/mg protein, 1 ÷ 5.5 U/mg protein and 10 ÷ 65 U/mg protein for SOD, CAT and GPX, respectively.



Sousa et al. [108] used a commercial Randox kit (RANSOD) to measure SOD levels in RBCs of non-pregnant Santa Inês crossbred sheep (weighing on an average 52.89 ± 6.7 kg, semi-arid, UFERSA, Brazil). Blood samples were centrifuged and subsequently, RBCs were washed three times with phosphate solution (PBS 10%). Then, a freeze–thaw cycle was performed at −20 °C for 10 min, followed by melting at room temperature for another 10 min, repeating the process for two consecutive times. The obtained hemolysate was stored at −40 °C until analysis. The mean found SOD value was 11.9 ± 4.12 U/g Hg.



Seifalinasab et al. [109] studied the effect of dietary treatments with chromium supplementation on male lambs (Jiroft, Iran) (8–9 months old, average body weight of 31.9 ± 1.2 kg). Blood sample was taken in heparinized tubes and SOD activity was measured with a commercial kit Ransod (Randox Laboratories Ltd., Antrim, UK). The method employs xanthine and xanthine oxidase to generate superoxide radicals which react with 2-(4-iodophenyl)-3-(4-nitrophenol)-5-phenyltetrazolium chloride to form a red dye (470 nm). The SOD activity is then measured by the degree of inhibition of this reaction. The mean value for SOD was 1127.37 ± 48.75 U/g Hb.
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Table 4. Spectrophotometric methods for SOD detection in erythrocytes of small domestic ruminants.






Table 4. Spectrophotometric methods for SOD detection in erythrocytes of small domestic ruminants.





	
Specie

	
Method

	
Erythrocytes Lysis

	
SOD Concentration

	
Refs.






	
Sheep

	
Commercial Kit (Nanjing Jiancheng Institute of Biotech., Nanjing, China)

	
Ultrapure water

	
2 ÷ 13 U/mg protein

	
[49]




	
Colorimetric assay: measure at 470 nm using xanthine and xanthine oxidase

	
HBSS with

Triton X100

	
50 ÷ 80 U/106 erythrocyte

	
[110]




	
Commercial kit Ransod (Randox Lab. Crumlin, Co., Antrim, UK) using xanthine and xanthine oxidase

	
Freeze–thaw

	
11.9 U/g Hb

	
[108]




	
Ram lamb

	
Commercial kit Ransod, (Randox Lab., UK) using xanthine and xanthine oxidase

	
Manufacturer protocols

	
1307.2 U/g Hb

	
[106]




	
Commercial kit Ransod (Randox Lab., UK) using xanthine and xanthine oxidase

	
N.S.

	
1127.4 U/g Hb

	
[109]




	
Goat

	
Colorimetric assay: using NBT

	
Hypotonic conditions.

	
200 ÷ 300 U/mg protein

	
[107]








N.S. = not specified. NBT = nitro-blue tetrazolium. HBSS = Hanks′ balanced salt solution.











As can be seen in Table 4, all analyzed studies reported spectrophotometric methods, and many of them used commercial kits.




5.1.2. SOD in Spermatozoa


In Table 5, a summary of SOD assays in spermatozoa of small domestic ruminants is reported. In particular, Hashem et al. [111] determined the total SOD activity in spermatozoa of Qezel rams (3–4 years of age, Urmia, Iran), assaying the auto oxidation and illumination of pyrogallol at 420 nm for 3.5 min. One-unit total SOD activity was calculated as the amount of protein causing 50% inhibition of pyrogallol autooxidation. A blank without treated sample was used as a control for non-enzymatic oxidation of pyrogallol in Tris–EDTA buffer (50 mM Tris, 10 mM EDTA, pH 8.2). The total SOD activity was expressed as units per milligram of protein (unit/mg protein) in the spermatozoa samples and the authors found 50 ÷ 60 Unit/mg protein for SOD spermatozoa of ram.



Ren et al. [112] measured SOD, CAT, and GSH-Px activities from spermatozoa of Cashmere goats (aged 3–5 years old, Yulin, Shaanxi, China). The samples from the thawed frozen semen were centrifuged at 1600× g for 5 min at 25 °C, and the supernatant was discarded. The sperm pellet was re-suspended with Triton X-100 (1%) for 20 min for extracting enzymes, was centrifuged at 4000× g for 30 min at 25 °C and its supernatant was collected for follow-up determination. The antioxidant enzyme activities of SOD, CAT, and GPX were detected using a commercial enzyme detection kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The results were 200 ÷ 250 U/mL for SOD, 1.8 ÷ 3.10 U/mL for CAT, and 18 ÷ 33 U/mL for GPX.



Liu et al. [113] evaluated the antioxidant effects of a diet with different zinc levels on spermatozoa of Liaoning Cashmere goats (body weight of 56.2 ± 2.45 kg and age of 3 years, Shenyang, China). Cells were separated from semen fluid and washed by resuspending in PBS. After three centrifugations, 1 mL of Triton X-100 (0.1%) was added to spermatozoa, and the samples were centrifuged again at 8000 rpm for 30 min in a refrigerated centrifuge. The supernatant was analyzed using the Bradford method, and SOD activity was determined using a commercial assay kit (Nanjing Jiancheng Bioengineering Institute, China). The SOD values ranged from 18 to 30 U/mg protein.



Al-Mutary et al. [114] studied the effect of resveratrol on antioxidant enzyme activities of ram sperm during cooling storage. Ram spermatozoa (50 × 106/mL) were grinded using satirized Sigma rods (pestles for 2 mL tubes), and then centrifugated and analyzed for SOD evaluation using a colorimetric method that measured its ability to inhibit the phenazine methosulphate reduction in nitroblue tetrazolium dye. SOD levels, measured at 560 nm, ranged from 112.75 ± 5.80 U/mL to 180.09 ± 12.55 U/mL.



Mortazavi et al. [115] evaluated SOD activity by determining the extent of inhibition of pyrogallol autoxidation. Ram spermatozoa (25 × 106/mL) was electronically homogenized at 5.000 ÷ 6.000 g for 5 min. The assay data were normalized considering the concentration of spermatozoa. The authors found 24.07 ± 1.48 U/mL ÷ 31.45 ± 5.13 U/mL of SOD.



Žaja et al. [116] investigated the effect of melatonin on antioxidative enzyme activity in the seminal plasma and spermatozoa of French Alpine bucks (with body weight ranging from 40 to 60 kg, aged 1.5 to 4 years, Varazdin, Croatia) during the nonbreeding season. The samples of spermatozoa were prepared as cellular lysates. The frozen samples were thawed and resuspended in cooled distilled water, then stored in a refrigerator at 4 °C for 10 min. The samples were then centrifuged at 2400× g for 5 min, and the obtained supernatants were used for analyzing the activity of antioxidative enzymes. SOD activity was determined using a commercial kit (Randos, Randox Laboratories) that uses xanthine and xanthine oxidase for generating superoxide radicals which react with 2-(4-iodophenyl)-3-(4-nitrophenol)-5-phenyltetrazolium chloride to form a red formazan dye. SOD activity was spectrophotometrically measured at 505 nm observing the degree of inhibition of this reaction. The activity of SOD in spermatozoa was 100 ÷ 600 U/g of protein.



Saberivand et al. [117] assayed SOD activity in Romanov ram spermatozoa (Tabriz, Iran), based on the inhibition of nitro blue tetrazolium (NBT) reduction by superoxide radicals to blue-colored formazan. The reaction was followed by reading at 560 nm. Semen hemolysate was prepared by treating cells with ethanol and chloroform, and, after centrifugation, the supernatant was used for the assay. SOD activity is defined as the amount of enzyme required to inhibit the reduction in NBT by 50% detectable via the spectrophotometer at 560 nm and results were reported as U/mg protein (76.20 ÷ 118.60 U/mg prot).



Wang et al. [94] used a WST-8 kit (Beyotime Institute of Biotechnology, Shanghai, China) for measuring SOD activity in ram. Samples of semen (2.0 × 109/mL) were centrifuged at 12,000× g for 5 min, and after incubation with WST-8/enzyme working solution, the absorbance at 450 nm was determined. SOD activity was 110 ÷ 220 U/mg protein. One unit of total SOD activity was calculated as the amount of protein causing 50% inhibition of pyrogallol autooxidation.



Also, Shayestehyekta et al. [118] studied the effect of melatonin on fresh epididymal spermatozoa of ram (2–5 years old, Kermanshah, Iran) after post-mortem recovery under normal and oxidative stress conditions under liquid preservation (4 °C) at different times (24, 48 and 72 h). To assess SOD activity, a SOD assay kit (TPR INNOVATIVE) was used after ultrasonic lysis on the ice of spermatozoa pellets and centrifugation at 6000 rpm for 10 min. The activity of SOD was 30 ÷ 70 U/mL.



Zhang et al. [105] studied the effects of proline supplementation on goat sperm (healthy Laoshan bucks aged between 1.5 and 2 years, Qingdao, China). SOD activity was assayed with a microplate reader at 450 nm, using a commercial kit (A001-3-2, Nanjing Jiancheng Bioengineering Institute) after ultrasonication on ice. The values found were 2.5–3.5 U/µg protein.



Zou et al. [104] explored the effect of bovine seminal plasma replacing different doses of dairy goat seminal plasma on semen freezing quality of Guanzhong dairy goat (2.5–3 years old, Lantian, Shaanxi Province, China). Thawed semen was used for SOD, and ROS assay using commercial kits (BC 0175, and CA1410) from Solarbio and the amount was found to be 165.99 ÷ 199.78 U/mL for SOD (Table 5), and 397.58 ÷ 461.79 U/mL for ROS (Table 3).



Li et al. [119] investigated the cryoprotective melatonin effect on the semen of healthy adult Huang-Huai rams (2–4 years of age) (Dingyuan County, Anhui province, China). Semen was diluted using two types of cryopreserved media (with and without melatonin) at a final sperm concentration of about 3 × 108/mL. Fresh and cryopreserved semen pellet was sonicated on ice using a high intensity ultrasonic processor (Scientz) in pre-cooled sodium chloride injection (0.9% NaCl) (m/v) and 1% Triton X-100, followed by centrifugation at 5000× g for 10 min at 4 °C. The total SOD concentration, determined using a commercial assay kit (A001–1-2; Nanjing Jiancheng, China), was about 45 ÷ 60 U/mg protein.
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Table 5. Spectrophotometric methods for SOD detection in spermatozoa of small domestic ruminants.






Table 5. Spectrophotometric methods for SOD detection in spermatozoa of small domestic ruminants.





	
Specie

	
Method

	
Erythrocytes Lysis

	
SOD Concentration

	
Refs.






	
Sheep

	
Commercial Kit (Nanjing Jiancheng Institute of Biotech., China)

	
Ultrapure water

	
2 ÷ 13 U/mg protein

	
[94]




	
Colorimetric assay: measure at 470 nm using xanthine and xanthine oxidase

	
HBSS with Triton X100

	
50 ÷ 80 U/106 erythrocyte

	
[97]




	
Commercial kit Ransod (Randox Lab. UK) using xanthine and xanthine oxidase

	
Freeze–thaw

	
11.9 U/g Hb

	
[95]




	
Ram lamb

	
Colorimetric assay: measure at 470 nm using pyrogallol

	
N.S.

	
50 ÷ 60 U/mg protein

	
[111]




	
Commercial kit Ransod, (Randox Lab., UK) using xanthine and xanthine oxidase

	
Manufacturer protocols

	
1307.2 U/g Hb

	
[92]




	
Commercial kit Ransod (Randox Lab., UK) using xanthine and xanthine oxidase

	
N.S.

	
1127.4 U/g Hb

	
[96]




	
Goat

	
Commercial Kit (Nanjing Jiancheng Institute of Biotech., China)

	
Triton X-100 (1%)

	
200 ÷ 250 U/mL

	
[112]




	
Colorimetric assay: using NBT

	
Hypotonic conditions.

	
200 ÷ 300 U/mg protein

	
[93]








NBT = nitro-blue tetrazolium. N.S. = not specified.











As can be seen in Table 5, all analyzed studies reported spectrophotometric methods, with many of them using commercial kits.





5.2. CAT, GPX, and GSR


5.2.1. CAT, GPX, and GSR in Erythrocytes


In the last five years, as reported in Table 6, only Zheng et al. [49] measured the antioxidant activity of enzymes GPX and CAT within erythrocytes. They used a commercial kit (Nanjing Jiancheng Institute of Biotechnology of China) to in vitro assay the antioxidant effect of Chinese herb mulberry leaves. Blood cells, collected in tubes with heparin anticoagulant, were washed three times with PBS (pH 7.4), lysed by adding ultrapure water and centrifuged (1200× g, 10 min, 4 °C) after 10 min of an ice bath. The levels of CAT and GPX ranged from 1 ÷ 5.5 U/mg protein to 10 ÷ 65 U/mg protein, respectively.




5.2.2. CAT, GPX, and GSR in Spermatozoa


In Table 6, a summary of CAT, GPX, and GSR assays in spermatozoa of small domestic ruminants is reported. In particular, Žaja et al. [116] investigated the effect of melatonin on the antioxidative activity of enzymes GPX, GSR, and CAT in French Alpine bucks spermatozoa (body weight ranging from 40 to 60 kg, aged 1.5 to 4 years Varazdin, Croatia). The cellular lysates were centrifuged at 2400× g for 5 min, and the obtained supernatants were used for analyzing the antioxidant activity of GSR, GPX, and CAT, using commercial kits (glutathione reductase kit, Randox Laboratories; Ransel kit, Randox Laboratories, Crumlin, UK; and Cayman Catalase Assay kit, Cayman Chemical Company, Ann Arbor, MI, USA, respectively). The absorbance was measured spectrophotometrically at 340 nm for both GSR and GPX and at 540 nm for CAT, using a Microtiter plate reader (Human, Wiesbaden, Germany). The obtained results were 2000 ÷ 3500 U/g protein for GSR, 3200 ÷ 4000 U/g protein for GPX and 300 ÷ 750 nmol/min/g protein for CAT.



Liu et al. [113] evaluated the GPX and CAT levels in spermatozoa, following the procedure already reported in the paragraph of SOD. The activities of GPX and CAT were determined using commercial assay kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The obtained results were 20 ÷ 80 U/mg protein for GPX and 2.5 ÷ 3 U/mg protein for CAT.



Li et al. [119] investigated the antioxidative enzyme activities in spermatozoa of Huang-Huai ram (2–4 years of age, Dingyuan county, Anhui province, China), followed by in freezing medium supplemented with melatonin. Sperm pellet (3 × 108/mL) was sonicated on ice using a high intensity ultrasonic processor (Scientz) in pre-cooled sodium chloride injection (0.9% NaCl) (m/v) and 1% Triton X-100, followed by centrifugation at 5000× g for 10 min at 4 °C. GPX and CAT activities were measured using commercial kits (A005–1-1 and A007–1-1, Nanjing Jiancheng, China, respectively) and the absorbance was read at 412 nm (GPX) and 405 nm (CAT). GPX and CAT levels were 10 ÷ 16 U/mg protein, and 0.12 ÷ 0.20 U/mg protein, respectively.



Zou et al. [104] explored the GPX levels in Guanzhong dairy goats (2.5–3 years old, Lantian, China). GPX activity, assayed with a commercial kit (BC1195 from Solarbio), was 106.30 ÷ 133.55 U/L.



As can be seen in Table 6, all analyzed studies reported spectrophotometric methods with the use of commercial kits. Most used kits are those for CAT and GPX, for both erythrocytes and spermatozoa, while only one manuscript reports the employment of the GSR assay in spermatozoa.






6. Discussion


In the recent literature (2018–2023), different spectrophotometric, fluorimetric and chemiluminescent assay methods for ROS quantification in spermatozoa and erythrocytes of small domestic ruminants have been reported. The application of these methods requires the use of different probes and instruments, with associated disadvantages and advantages mainly related to economic aspects and the sensibility of methods. It is known that spectrophotometry is cheaper but less sensitive, while chemiluminescence is the most sensitive and expensive method. However, in the last five years, the most widely used system for ROS assay is the fluorometric method, probably because it allows to assay several ROS at the same time, using different probes, and resulting in a favorable cost-effective method. As can be seen in Table 3, the most widely used probe for fluorescence assays, in particular flow cytometry, is DCFH-DA and its derivatives. They present several advantages over other probes, such as ease of use, cell permeability, high sensitivity to changes of the redox state of a cell, and cost-effectiveness. Moreover, this kind of probes are suitable to follow changes in ROS over time [99], and so, they are suitable for kinetic studies. On the other hand, the major disadvantage of such probe is that it allows to assay only hydrogen peroxide and not others ROS. This limit has been overcome by several authors combining it with the use of other specific probes, such as DHE, that allows to identify the superoxide radicals [80,90,100]. In the last five years, many authors associate the DCFH-DA probe and its derivatives with PI [80,83,98,99,101]; this is important to avoid false positives, especially in cyto-fluorimetry by minimizing autofluorescence problems [120], and to evaluate ROS production only in living cells that are PI negative rather than in the whole cell population [121].



In recent years (2018–2023), only two authors have performed ROS assay in spermatozoa using CellRox by fluorimetry. CellRox is a cell-permeant dye, that has the disadvantage of being weakly fluorescent also in the reduced state (while exhibits bright green photostable fluorescence upon oxidation by ROS). So, when it is used for ROS detection in florescence, it could cause a false positive.



Moreover, the use of a flow cytometer does not allow to see the distribution of fluorescence signals on/in the cell. Therefore, the results of flow cytometry assays might be misleading. Different authors developed strategies to minimize false positive signals and artifacts of flow cytometry. For example, by accounting for DNA content, changes in cell morphology, dye uptake and retention, and target specific dye activation in cells [122] or using another dye (for example, CellRox with hydroethidine) to make a distinction between intracellular superoxide and superoxide in dead cells and surrounding area [123].



Given this information, the choice of using one method over the other depends on the equipment available in the laboratories and the types of ROS to be assayed.



Concerning the determination of intracellular antioxidant enzymes, the recent literature reports only spectrophotometric methods with absorbance measurements and many of them use commercial kits. It is important to point out that in domestic ruminant species both erythrocytes and spermatozoa can be obtained in greater quantities than in other animal species. Therefore, the high availability of the matrix could justify the wide use of spectrophotometric method, which is less sensitive but also less expensive.



The difficulty observed during this overview was mainly due to the low concordance between the methods, regarding treatment and sample concentration. In addition, some results obtained using the different methods were difficult to be compared because they were expressed with different units of measurement.




7. Conclusions


The advantage of quantifying ROS and antioxidant enzyme activity in the two analyzed cell types is that the obtained data could find application in studying the welfare and health status of small domestic ruminants.



OS could be indicative of a loss in animal production because, at cellular level, altered sperm metabolism and the incidence of immature, abnormal, or dead spermatozoa are associated with ROS overproduction [71]. Spermatozoa damage or their low quality affects two important aspects: the first is related to the loss of total production, and the second is related to genetic improvement, and thus to the non-transmission of hereditary traits useful to production. Therefore, mitigating OS could improve productivity indicators in farm animals. In addition, OS effects in the erythrocytes of farm animals causes immune activation, eryptosis, and modifications at the cell membrane level that could affect health and welfare of animals [18]. Early detection of OS could be a valuable tool to avoid economic losses in the livestock sector. This review reports a compendium of the most recent methods used for the monitoring oxidative stress in the cells, providing a useful tool to researchers and farm operators for monitoring livestock production.







Author Contributions


Conceptualization V.P.; Investigation V.P.; Data curation V.P, M.N., F.D.S. and F.B.; Writing—original draft preparation V.P. and M.N.; Writing—review and editing, V.P., M.N., F.D.S., E.B. and F.B. All authors have read and agreed to the published version of the manuscript.




Funding


Funded by the University of Sassari - Research Funding Program 2020 (Fondo di Ateneo per la ricerca 2020—Berlinguer).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



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]

	



Lu, J.; Wang, Z.; Cao, J.; Chen, Y.; Dong, Y. A Novel and Compact Review on the Role of Oxidative Stress in Female Reproduction. Reprod. Biol. Endocrinol. 2018, 16, 80. [Google Scholar] [CrossRef]

	



Yang, S.; Lian, G. ROS and Diseases: Role in Metabolism and Energy Supply. Mol. Cell Biochem. 2020, 467, 1–12. [Google Scholar] [CrossRef]

	



Hardy, M.L.M.; Day, M.L.; Morris, M.B. Redox Regulation and Oxidative Stress in Mammalian Oocytes and Embryos Developed in Vivo and in Vitro. Int. J. Environ. Res. Public Health 2021, 18, 11374. [Google Scholar] [CrossRef] [PubMed]

	



Bardaweel, S.K.; Gul, M.; Alzweiri, M.; Ishaqat, A.; Alsalamat, H.A.; Bashatwah, R.M. Reactive Oxygen Species: The Dual Role in Physiological and Pathological Conditions of the Human Body. Eurasian J. Med. 2018, 50, 193–201. [Google Scholar] [CrossRef] [PubMed]

	



Newsholme, P.; Cruzat, V.F.; Keane, K.N.; Carlessi, R.; Paulo Ivo Homem de Bittencourt, J. Molecular Mechanisms of ROS Production and Oxidative Stress in Diabetes. Biochem. J. 2016, 473, 4527–4550. [Google Scholar] [CrossRef] [PubMed]

	



Jelic, M.D.; Mandic, A.D.; Maricic, S.M.; Srdjenovic, B.U. Oxidative Stress and Its Role in Cancer. J. Cancer Res. Ther. 2021, 17, 22–28. [Google Scholar] [CrossRef]

	



Klaunig, J.E. Oxidative Stress and Cancer. Curr. Pharm. Des. 2018, 24, 4771–4778. [Google Scholar] [CrossRef] [PubMed]

	



Moloney, J.N.; Cotter, T.G. ROS Signalling in the Biology of Cancer. Semin. Cell Dev. Biol. 2018, 80, 50–64. [Google Scholar] [CrossRef]

	



Wojsiat, J.; Korczyński, J.; Borowiecka, M.; Żbikowska, H.M. The Role of Oxidative Stress in Female Infertility and in Vitro Fertilization. Postep. Hig. Med. Dosw. 2017, 71, 359–366. [Google Scholar] [CrossRef]

	



Adeoye, O.; Olawumi, J.; Opeyemi, A.; Christiania, O. Review on the Role of Glutathione on Oxidative Stress and Infertility. J. Bras. Reprod. Assist. 2018, 22, 61–66. [Google Scholar] [CrossRef]

	



Celi, P.; Gabai, G. Oxidant/Antioxidant Balance in Animal Nutrition and Health: The Role of Protein Oxidation. Front. Vet. Sci. 2015, 2, 48. [Google Scholar] [CrossRef] [PubMed]

	



Lacetera, N. Impact of Climate Change on Animal Health and Welfare. Anim. Front. 2019, 9, 26–31. [Google Scholar] [CrossRef]

	



Tan, B.L.; Norhaizan, M.E.; Liew, W.P.P. Nutrients and Oxidative Stress: Friend or Foe? Oxid. Med. Cell Longev. 2018, 2018, 9719584. [Google Scholar] [CrossRef]

	



Guvvala, P.R.; Ravindra, J.P.; Selvaraju, S. Impact of Environmental Contaminants on Reproductive Health of Male Domestic Ruminants: A Review. Environ. Sci. Pollut. Res. 2020, 27, 3819–3836. [Google Scholar] [CrossRef]

	



Eid, J.I.; Eissa, S.M.; El-Ghor, A.A. Bisphenol A Induces Oxidative Stress and DNA Damage in Hepatic Tissue of Female Rat Offspring. J. Basic. Appl. Zool. 2015, 71, 10–19. [Google Scholar] [CrossRef]

	



Su, L.-J.; Zhang, J.-H.; Gomez, H.; Murugan, R.; Hong, X.; Xu, D.; Jiang, F.; Peng, Z.-Y. Reactive Oxygen Species-Induced Lipid Peroxidation in Apoptosis, Autophagy, and Ferroptosis. Oxid. Med. Cell Longev. 2019, 2019, 5080843. [Google Scholar] [CrossRef]

	



Baralla, E.; Demontis, M.P.; Varoni, M.V.; Pasciu, V. Bisphenol A and Bisphenol S Oxidative Effects in Sheep Red Blood Cells: An In Vitro Study. BioMed Res. Int. 2021, 2021, 6621264. [Google Scholar] [CrossRef] [PubMed]

	



Ren, X.; Wang, M.; Wang, Y.; Huang, A. Superoxide Anion Generation Response to Wound in Arabidopsis Hypocotyl Cutting. Plant Signal. Behav. 2021, 16, 1848086. [Google Scholar] [CrossRef]

	



Mittler, R. ROS Are Good. Trends Plant Sci. 2017, 22, 11–19. [Google Scholar] [CrossRef]

	



Sinha, N.; Dabla, P. Oxidative Stress and Antioxidants in Hypertension—A Current Review. Curr. Hypertens. Rev. 2015, 11, 132–142. [Google Scholar] [CrossRef]

	



Snezhkina, A.V.; Kudryavtseva, A.V.; Kardymon, O.L.; Savvateeva, M.V.; Melnikova, N.V.; Krasnov, G.S.; Dmitriev, A.A. ROS Generation and Antioxidant Defense Systems in Normal and Malignant Cells. Oxid. Med. Cell Longev. 2020, 2019, 6175804. [Google Scholar] [CrossRef] [PubMed]

	



Qian, X.; Zhang, J.; Gu, Z.; Chen, Y. Nanocatalysts-Augmented Fenton Chemical Reaction for Nanocatalytic Tumor Therapy. Biomaterials 2019, 211, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Roschek, B.; Tallman, K.A.; Rector, C.L.; Gillmore, J.G.; Pratt, D.A.; Punta, C.; Porter, N.A. Peroxyl Radical Clocks. J. Org. Chem. 2006, 71, 3527–3532. [Google Scholar] [CrossRef] [PubMed]

	



Qian, Z.Y.; Guo, Y.X.; Yin, Y.L.; Sun, F.F.; Gong, T.T.; Xian, Q.M. Physiological and Antioxidant Responses of Euryale Ferox Salisb Seedlings to Microcystins. Toxicon 2021, 190, 50–57. [Google Scholar] [CrossRef] [PubMed]

	



Ukeda, H.; Maeda, S.; Ishii, T.; Sawamura, M. Spectrophotometric Assay for Superoxide Dismutase Based on Tetrazolium Salt 3′-{1-[(Phenylamino)-Carbonyl]-3,4-Tetrazolium}-Bis(4-Methoxy-6-Nitro)Benzenesulfonic Acid Hydrate Reduction by Xanthine-Xanthine Oxidase. Anal. Biochem. 1997, 251, 206–209. [Google Scholar] [CrossRef] [PubMed]

	



Berlinguer, F.; Pasciu, V.; Succu, S.; Cossu, I.; Caggiu, S.; Addis, D.; Castagna, A.; Fontani, V.; Rinaldi, S.; Passino, E.S. REAC Technology as Optimizer of Stallion Spermatozoa Liquid Storage. Reprod. Biol. Endocrinol. 2017, 15, 11. [Google Scholar] [CrossRef]

	



Casao, A.; Cebrián, I.; Asumpção, M.E.; Pérez-Pé, R.; Abecia, J.A.; Forcada, F.; Cebrián-Pérez, J.A.; Muiño-Blanco, T. Seasonal Variations of Melatonin in Ram Seminal Plasma Are Correlated to Those of Testosterone and Antioxidant Enzymes. Reprod. Biol. Endocrinol. 2010, 8, 59. [Google Scholar] [CrossRef]

	



Antunes Wilhelm, E.; Ricardo Jesse, C.; Folharini Bortolatto, C.; Wayne Nogueira, C. Correlations between Behavioural and Oxidative Parameters in a Rat Quinolinic Acid Model of Huntington’s Disease: Protective Effect of Melatonin. Eur. J. Pharmacol. 2013, 701, 65–72. [Google Scholar] [CrossRef]

	



Song, Y.; Loor, J.J.; Li, C.; Liang, Y.; Li, N.; Shu, X.; Yang, Y.; Feng, X.; Du, X.; Wang, Z.; et al. Enhanced Mitochondrial Dysfunction and Oxidative Stress in the Mammary Gland of Cows with Clinical Ketosis. J. Dairy Sci. 2021, 104, 6909–6918. [Google Scholar] [CrossRef]

	



Zheng, S.; Qin, G.; Zhen, Y.; Zhang, X.; Chen, X.; Dong, J.; Li, C.; Aschalew, N.D.; Wang, T.; Sun, Z. Correlation of Oxidative Stress-Related Indicators with Milk Composition and Metabolites in Early Lactating Dairy Cows. Vet. Med. Sci. 2021, 7, 2250–2259. [Google Scholar] [CrossRef]

	



Majrashi, M.; Fujihashi, A.; Almaghrabi, M.; Fadan, M.; Fahoury, E.; Ramesh, S.; Govindarajulu, M.; Beamon, H.; Bradford, C.N.; Bolden-Tiller, O.; et al. Augmented Oxidative Stress and Reduced Mitochondrial Function in Ageing Goat Testis. Vet. Med. Sci. 2020, 6, 766–774. [Google Scholar] [CrossRef]

	



Çelik, H.T.; Aslan, F.A.; Altay, D.U.; Kahveci, M.E.; Konanç, K.; Noyan, T.; Ayhan, S. Effects of Transport and Altitude on Hormones and Oxidative Stress Parameters in Sheep. PLoS ONE 2021, 16, e0244911. [Google Scholar] [CrossRef]

	



Belhadj Slimen, I.; Najar, T.; Ghram, A.; Abdrrabba, M. Heat Stress Effects on Livestock: Molecular, Cellular and Metabolic Aspects, a Review. J. Anim. Physiol. Anim. Nutr. 2016, 100, 401–412. [Google Scholar] [CrossRef]

	



Aboul Naga, A.M.; Abdel Khalek, T.M.; Osman, M.; Elbeltagy, A.R.; Abdel-Aal, E.S.; Abou-Ammo, F.F.; El-Shafie, M.H. Physiological and Genetic Adaptation of Desert Sheep and Goats to Heat Stress in the Arid Areas of Egypt. Small Rumin. Res. 2021, 203, 106499. [Google Scholar] [CrossRef]

	



McManus, C.M.; Faria, D.A.; Lucci, C.M.; Louvandini, H.; Pereira, S.A.; Paiva, S.R. Heat Stress Effects on Sheep: Are Hair Sheep More Heat Resistant? Theriogenology 2020, 155, 157–167. [Google Scholar] [CrossRef] [PubMed]

	



Schütz, K.E. Ministry for Primary Industries. Effects of Heat Stress on the Health, Production and Welfare of Sheep Managed on Pasture; Ministry for Primary Industries by AgResearch: Wellington, New Zeland, 2022; Volume 6, ISBN 978-1-99-105234-6. [Google Scholar]

	



Chauhan, S.S.; Rashamol, V.P.; Bagath, M.; Sejian, V.; Dunshea, F.R. Impacts of Heat Stress on Immune Responses and Oxidative Stress in Farm Animals and Nutritional Strategies for Amelioration. Int. J. Biometeorol. 2021, 65, 1231–1244. [Google Scholar] [CrossRef]

	



Oke, O.E.; Uyanga, V.A.; Iyasere, O.S.; Oke, F.O.; Majekodunmi, B.C.; Logunleko, M.O.; Abiona, J.A.; Nwosu, E.U.; Abioja, M.O.; Daramola, J.O.; et al. Environmental Stress and Livestock Productivity in Hot-Humid Tropics: Alleviation and Future Perspectives. J. Therm. Biol. 2021, 100, 103077. [Google Scholar] [CrossRef]

	



Shahat, A.M.; Thundathil, J.C.; Kastelic, J.P. Melatonin or L-Arginine in Semen Extender Mitigate Reductions in Quality of Frozen-Thawed Sperm from Heat-Stressed Rams. Anim. Reprod. Sci. 2022, 238, 106934. [Google Scholar] [CrossRef] [PubMed]

	



Porcu, C.; Manca, C.; Cabiddu, A.; Dattena, M.; Gallus, M.; Pasciu, V.; Succu, S.; Naitana, S.; Berlinguer, F.; Molle, G. Effects of Short-Term Administration of a Glucogenic Mixture at Mating on Feed Intake, Metabolism, Milk Yield and Reproductive Performance of Lactating Dairy Ewes. Anim. Feed Sci. Technol. 2018, 243, 10–21. [Google Scholar] [CrossRef]

	



Jarosiewicz, M.; Michałowicz, J.; Bukowska, B. In Vitro Assessment of Eryptotic Potential of Tetrabromobisphenol A and Other Bromophenolic Flame Retardants. Chemosphere 2019, 215, 404–412. [Google Scholar] [CrossRef]

	



Sun, Y.; Liu, G.; Jiang, Y.; Wang, H.; Xiao, H.; Guan, G. Erythropoietin Protects Erythrocytes against Oxidative Stress-Induced Eryptosis in Vitro. Clin. Lab. 2018, 64, 365–369. [Google Scholar] [CrossRef] [PubMed]

	



Chianese, R.; Pierantoni, R. Mitochondrial Reactive Oxygen Species (ROS) Production Alters Sperm Quality. Antioxidants 2021, 10, 92. [Google Scholar] [CrossRef] [PubMed]

	



Sotgiu, F.D.; Porcu, C.; Pasciu, V.; Dattena, M.; Gallus, M.; Argiolas, G.; Berlinguer, F.; Molle, G. Towards a Sustainable Reproduction Management of Dairy Sheep: Glycerol-Based Formulations as Alternative to Ecg in Milked Ewes Mated at the End of Anoestrus Period. Animals 2021, 11, 922. [Google Scholar] [CrossRef] [PubMed]

	



Pasciu, V.; Sotgiu, F.D.; Porcu, C.; Berlinguer, F. Effect of Media with Different Glycerol Concentrations on Sheep Red Blood Cells’ Viability in Vitro. Animals 2021, 11, 1592. [Google Scholar] [CrossRef]

	



Alahmar, A. Role of Oxidative Stress in Male Infertility: An Updated Review. J. Hum. Reprod. Sci. 2019, 12, 4–18. [Google Scholar] [CrossRef]

	



Aitken, R.J. Reactive Oxygen Species Generation by Human Spermatozoa—Reply. Int. J. Androl. 2003, 26, 127. [Google Scholar] [CrossRef]

	



Zheng, Q.; Tan, W.; Feng, X.; Feng, K.; Zhong, W.; Liao, C.; Liu, Y.; Li, S.; Hu, W. Protective Effect of Flavonoids from Mulberry Leaf on AAPH-Induced Oxidative Damage in Sheep Erythrocytes. Molecules 2022, 27, 7625. [Google Scholar] [CrossRef]

	



Chabory, E.; Damon, C.; Lenoir, A.; Henry-Berger, J.; Vernet, P.; Cadet, R.; Saez, F.; Drevet, J.R. Mammalian Glutathione Peroxidases Control Acquisition and Maintenance of Spermatozoa Integrity. J. Anim. Sci. 2010, 88, 1321–1331. [Google Scholar] [CrossRef]

	



Brooks, M.B.; Harr, K.E.; Seelig, D.M.; Wardrop, K.J.; Weiss, D.J. Stem Cell Biology. In Schalm’s Veterinary Hematology, 6th ed.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2010; Chapter 3. [Google Scholar]

	



Olver, C.S. Erythropoiesis. In Schalm’s Veterinary Hematology, 6th ed.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2010; Chapter 6. [Google Scholar]

	



Olver, C.S.; Andrews, G.A.; Smith, J.E.; Kaneko, J.J. Erythrocytes Section III; Erythrocyte Structure and Function. In Schalm’s Veterinary Hematology, 6th ed.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2010; Chapter 20. [Google Scholar]

	



Pantaleo, A.; Giribaldi, G.; Mannu, F.; Arese, P.; Turrini, F. Naturally Occurring Anti-Band 3 Antibodies and Red Blood Cell Removal under Physiological and Pathological Conditions. Autoimmun. Rev. 2008, 7, 457–462. [Google Scholar] [CrossRef]

	



Remigante, A.; Morabito, R.; Marino, A. Band 3 Protein Function and Oxidative Stress in Erythrocytes. J. Cell Physiol. 2021, 236, 6225–6234. [Google Scholar] [CrossRef] [PubMed]

	



Caimi, G.; Montana, M.; Canino, B.; Calandrino, V.; Presti, R.L.; Hopps, E. Erythrocyte Deformability, Plasma Lipid Peroxidation and Plasma Protein Oxidation in a Group of OSAS Subjects. Clin. Hemorheol. Microcirc. 2016, 64, 7–14. [Google Scholar] [CrossRef] [PubMed]

	



Harvey, J.W. Erythrocytes Section III; Erythrocyte Biochemistry. In Schalm’s Veterinary Hematology, 6th ed.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2010; Chapter 21. [Google Scholar]

	



Bamm, V.V.; Tsemakhovich, V.A.; Shaklai, N. Oxidation of Low-Density Lipoprotein by Hemoglobin-Hemichrome. Int. J. Biochem. Cell Biol. 2003, 35, 349–358. [Google Scholar] [CrossRef] [PubMed]

	



Nyakundi, B.B.; Erdei, J.; Tóth, A.; Balogh, E.; Nagy, A.; Nagy, B.; Novák, L.; Bognár, L.; Paragh, G.; Kappelmayer, J.; et al. Formation and Detection of Highly Oxidized Hemoglobin Forms in Biological Fluids during Hemolytic Conditions. Oxid. Med. Cell Longev. 2020, 2020, 8929020. [Google Scholar] [CrossRef]

	



Christian, J.A. Erythrokinetics and Erythrocyte Destruction. In Schalm’s Veterinary Hematology, 6th ed.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2010; Chapter 22. [Google Scholar]

	



Esmaeilnejad, B.; Tavassoli, M.; Asri-Rezaei, S.; Dalir-Naghadeh, B.; Malekinejad, H.; Jalilzadeh-Amin, G.; Arjmand, J.; Golabi, M.; Hajipour, N. Evaluation of Antioxidant Status, Oxidative Stress and Serum Trace Mineral Levels Associated with Babesia Ovis Parasitemia in Sheep. Vet. Parasitol. 2014, 205, 38–45. [Google Scholar] [CrossRef] [PubMed]

	



Agar, N.S.; Board, P.G. Red Blood Cells of Domestic Mammals; Elsevier: New York, NY, USA, 1983; 67p. [Google Scholar]

	



Kurata, M.; Suzuki, M.A.N. Antioxidant Systems and Erythrocyte Life—Span in Mammals. Comp. Biochem. Physiol. B 1993, 106, 477–487. [Google Scholar] [CrossRef]

	



López-Revuelta, A.; Sánchez-Gallego, J.I.; Hernández-Hernández, A.; Sánchez-Yagüe, J.; Llanillo, M. Increase in Vulnerability to Oxidative Damage in Cholesterol-Modified Erythrocytes Exposed to t-BuOOH. Biochim. Biophys. Acta—Mol. Cell Biol. Lipids 2005, 1734, 74–85. [Google Scholar] [CrossRef]

	



Peña, F.J. Molecular Biology of Spermatozoa. Int. J. Mol. Sci. 2020, 21, 3060. [Google Scholar] [CrossRef]

	



Finkelstein, M.; Etkovitz, N.; Breitbart, H. Ca2+ Signaling in Mammalian Spermatozoa. Mol. Cell Endocrinol. 2020, 516, 110953. [Google Scholar] [CrossRef]

	



Blount, J.D.; Vitikainen, E.I.K.; Stott, I.; Cant, M.A. Oxidative Shielding and the Cost of Reproduction. Biol. Rev. 2016, 91, 483–497. [Google Scholar] [CrossRef]

	



Ortega Ferrusola, C.; González Fernández, L.; Morrell, J.M.; Salazar Sandoval, C.; Macías García, B.; Rodríguez-Martinez, H.; Tapia, J.A.; Peña, F.J. Lipid Peroxidation, Assessed with BODIPY-C 11, Increases after Cryopreservation of Stallion Spermatozoa, Is Stallion-Dependent and Is Related to Apoptotic-like Changes. Reproduction 2009, 138, 55–63. [Google Scholar] [CrossRef] [PubMed]

	



Bennetts, L.E.; Aitken, R.J. A Comparative Study of Oxidative DNA Damage in Mammalian Spermatozoa. Mol. Reprod. Dev. 2005, 71, 77–87. [Google Scholar] [CrossRef]

	



Macías García, B.; González Fernández, L.; Ortega Ferrusola, C.; Salazar-Sandoval, C.; Morillo Rodríguez, A.; Rodríguez Martinez, H.; Tapia, J.A.; Morcuende, D.; Peña, F.J. Membrane Lipids of the Stallion Spermatozoon in Relation to Sperm Quality and Susceptibility to Lipid Peroxidation. Reprod. Domest. Anim. 2011, 46, 141–148. [Google Scholar] [CrossRef] [PubMed]

	



Pintus, E.; Ros-Santaella, J.L. Impact of Oxidative Stress on Male Reproduction in Domestic and Wild Animals. Antioxidants 2021, 10, 1154. [Google Scholar] [CrossRef] [PubMed]

	



Brouwers, J.F.H.M.; Gadella, B.M. In Situ Detection and Localization of Lipid Peroxidation in Individual Bovine Sperm Cells. Free Radic. Biol. Med. 2003, 35, 1382–1391. [Google Scholar] [CrossRef]

	



Ahluwalia, B.; Holman, R.T. Fatty Acid Composition of Lipids of Bull, Boar, Rabbit and Human Semen. J. Reprod. Fertil. 1969, 18, 431–437. [Google Scholar] [CrossRef] [PubMed]

	



Nichi, M.; Goovaerts, I.G.F.; Cortada, C.N.M.; Barnabe, V.H.; De Clercq, J.B.P.; Bols, P.E.J. Roles of Lipid Peroxidation and Cytoplasmic Droplets on in vitro Fertilization Capacity of Sperm Collected from Bovine Epididymides Stored at 4 and 34 °C. Theriogenology 2007, 67, 334–340. [Google Scholar] [CrossRef]

	



Tanhaei Vash, N.; Nadri, P.; Karimi, A. Synergistic Effects of Myo-Inositol and Melatonin on Cryopreservation of Goat Spermatozoa. Reprod. Domest. Anim. 2022, 57, 876–885. [Google Scholar] [CrossRef]

	



Perez-Patiño, C.; Barranco, I.; Li, J.; Padilla, L.; Martinez, E.A.; Rodriguez-Martinez, H.; Roca, J.; Parrilla, I. Cryopreservation Differentially Alters the Proteome of Epididymal and Ejaculated Pig Spermatozoa. Int. J. Mol. Sci. 2019, 20, 1791. [Google Scholar] [CrossRef]

	



O’Flaherty, C.; Matsushita-Fournier, D. Reactive Oxygen Species and Protein Modifications in Spermatozoa. Biol. Reprod. 2017, 97, 577–585. [Google Scholar] [CrossRef]

	



Serpa, P.B.S.; Woolcock, A.; Taylor, S.D.; Pires dos Santos, A. Validation of a Flow Cytometric Assay to Detect Intraerythrocytic Reactive Oxygen Species in Horses. Vet. Clin. Pathol. 2021, 50, 20–27. [Google Scholar] [CrossRef]

	



Falchi, L.; Galleri, G.; Dore, G.M.; Zedda, M.T.; Pau, S.; Bogliolo, L.; Ariu, F.; Pinna, A.; Nieddu, S.; Innocenzi, P.; et al. Effect of Exposure to CeO2 Nanoparticles on Ram Spermatozoa during Storage at 4 °C for 96 Hours. Reprod. Biol. Endocrinol. 2018, 16, 19. [Google Scholar] [CrossRef]

	



Merati, Z.; Farshad, A.; Farzinpour, A.; Rostamzadeh, J.; Sharafi, M. Anti-Apoptotic Effects of Minocycline on Ram Epididymal Spermatozoa Exposed to Oxidative Stress. Theriogenology 2018, 114, 266–272. [Google Scholar] [CrossRef] [PubMed]

	



Reiten, M.R.; Malachin, G.; Kommisrud, E.; Østby, G.C.; Waterhouse, K.E.; Krogenæs, A.K.; Kusnierczyk, A.; Bjørås, M.; Jalland, C.M.O.; Nekså, L.H.; et al. Stress Resilience of Spermatozoa and Blood Mononuclear Cells without Prion Protein. Front. Mol. Biosci. 2018, 5, 1–15. [Google Scholar] [CrossRef]

	



Escobar, E.; Lopes, S.; Malavolta, C.; Ramalho, J.B.; Missio, D.; Pinto, H.F.; Soares, M.B.; Leivas, F.G.; dos Brum, D.S.; Cibin, F.W.S. Effect of γ-Oryzanol on Testicular Degeneration Induced by Scrotal Insulation in Rams. Theriogenology 2019, 128, 167–175. [Google Scholar] [CrossRef] [PubMed]

	



Gimeno-Martos, S.; Casao, A.; Yeste, M.; Cebrián-Pérez, J.A.; Muiño-Blanco, T.; Pérez-Pé, R. Melatonin Reduces CAMP-Stimulated Capacitation of Ram Spermatozoa. Reprod. Fertil. Dev. 2019, 31, 420–431. [Google Scholar]

	



Liu, T.; Han, Y.; Zhou, T.; Zhang, R.; Chen, H.; Chen, S.; Zhao, H. Mechanisms of ROS-Induced Mitochondria-Dependent Apoptosis Underlying Liquid Storage of Goat Spermatozoa. Aging 2019, 11, 7880–7898. [Google Scholar] [CrossRef]

	



Lv, C.; Larbi, A.; Wu, G.; Hong, Q.; Quan, G. Improving the Quality of Cryopreserved Goat Semen with a Commercial Bull Extender Supplemented with Resveratrol. Anim. Reprod. Sci. 2019, 208, 106127. [Google Scholar] [CrossRef]

	



Zarepourfard, H.; Riasi, A.; Frouzanfar, M.; Hajian, M.; Nasr Esfahani, M.H. Pomegranate Seed in Diet, Affects Sperm Parameters of Cloned Goats Following Freezing-Thawing. Theriogenology 2019, 125, 203–209. [Google Scholar] [CrossRef]

	



Kumar, A.; Yadav, B.; Swain, D.K.; Anand, M.; Madan, A.K.; Yadav, R.K.S.; Kushawaha, B.; Yadav, S. Dynamics of HSPA1A and Redox Status in the Spermatozoa and Fluid from Different Segments of Goat Epididymis. Cell Stress. Chaperones. 2020, 25, 509–517. [Google Scholar] [CrossRef]

	



Anzalone, D.A.; Palazzese, L.; Czernik, M.; Sabatucci, A.; Valbonetti, L.; Capra, E.; Loi, P. Controlled Spermatozoa-Oocyte Interaction Improves Embryo Quality in Sheep. Sci. Reports 2021, 11, 22629. [Google Scholar] [CrossRef]

	



Del Olmo, E.; García-Álvarez, O.; Maroto-Morales, A.; Ramón, M.; Iniesta-Cuerda, M.; Martinez-Pastor, F.; Montoro, V.; Soler, A.J.; Garde, J.J.; Fernández-Santos, M.R. Oestrous Sheep Serum Balances ROS Levels to Supply in Vitro Capacitation of Ram Spermatozoa. Reprod. Domest. Anim. 2016, 51, 743–750. [Google Scholar] [CrossRef]

	



Vašíček, J.; Baláži, A.; Svoradová, A.; Vozaf, J.; Dujíčková, L.; Makarevich, A.V.; Bauer, M.; Chrenek, P. Comprehensive Flow-Cytometric Quality Assessment of Ram Sperm Intended for Gene Banking Using Standard and Novel Fertility Biomarkers. Int. J. Mol. Sci. 2022, 23, 5920. [Google Scholar] [CrossRef]

	



Zarei, F.; Daghigh-Kia, H.; Masoudi, R. Supplementation of Ram’s Semen Extender with Mito-TEMPO II: Quality Evaluation and Flow Cytometry Study of Post-Thawed Spermatozoa. Andrologia 2022, 54, e14299. [Google Scholar] [CrossRef]

	



O’Brien, E.; García-Casado, P.; Castaño, C.; Toledano-Díaz, A.; Bóveda, P.; Santiago-Moreno, J. Sperm Response to in vitro Stress Conditions in Wild and Domestic Species Measured by Functional Variables and ROS Production. Front. Vet. Sci. 2021, 8, 650946. [Google Scholar] [CrossRef]

	



Miguel-Jiménez, S.; Pina-Beltrán, B.; Gimeno-Martos, S.; Carvajal-Serna, M.; Casao, A.; Pérez-Pe, R. NADPH Oxidase 5 and Melatonin: Involvement in Ram Sperm Capacitation. Front. Cell Dev. Biol. 2021, 9, 655794. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Kang, Y.; Zhang, L.; Niu, H.; Sun, X.; Li, Y. Coenzyme Q10 Improves the Quality of Sheep Sperm Stored at Room Temperature by Mitigating Oxidative Stress. Anim. Sci. J. 2022, 93, e13708. [Google Scholar] [CrossRef] [PubMed]

	



Gao, Y.; Zhao, G.; Song, Y.; Haire, A.; Yang, A.; Zhao, X.; Wusiman, A. Presence of Leptin and Its Receptor in the Ram Reproductive System and in vitro Effect of Leptin on Sperm Quality. PeerJ 2022, 10, e13982. [Google Scholar] [CrossRef] [PubMed]

	



Liang, J.; Larbi, A.; Lv, C.; Ali, S.; Wu, G.; Quan, G. Fertility Results after Exocervical Insemination Using Goat Semen Cryopreserved with Extenders Based on Egg Yolk, Skim Milk, or Soybean Lecithin. Reprod. Domest. Anim. 2022, 58, 431–442. [Google Scholar] [CrossRef] [PubMed]

	



Longobardi, V.; Zullo, G.; Cotticelli, A.; Salzano, A.; Albero, G.; Navas, L.; Rufrano, D.; Claps, S.; Neglia, G. Crocin Improves the Quality of Cryopreserved Goat Semen in Different Breeds. Animals 2020, 10, 1101. [Google Scholar] [CrossRef]

	



Monteiro, M.M.; de Mello Seal, D.C.; de Souza, J.H.; Trevisan, M.; Arruda, L.C.P.; Silva, S.V.; Guerra, M.M.P. Effect of Antifreeze Protein Type III on Frozen/Thawed of Spermatozoa Recover from Goat Epididymis. Res. Vet. Sci. 2023, 154, 108–112. [Google Scholar] [CrossRef] [PubMed]

	



Esmaeilkhanian, S.; Asadzadeh, N.; Masoudi, R. Flow Cytometry Study of Post-Thawed Buck Spermatozoa: Mito-TEMPO Improves Cryopreservation Performance by Controlling Apoptosis Rate, DNA Fragmentation and ROS Production. Cryobiology 2023, 110, 108–110. [Google Scholar] [CrossRef] [PubMed]

	



Nazari, P.; Farshad, A.; Hosseini, Y. Protective Effects of Trehalose and Pentoxifylline on Goat Sperm Exposed to Chilling-Freezing Process. Biopreserv. Biobank. 2022, 20, 540–550. [Google Scholar] [CrossRef]

	



Lv, C.; Larbi, A.; Memon, S.; Liang, J.; Fu, X.; Wu, G.; Quan, G. The Effects of Antifreeze Protein III Supplementation on the Cryosurvival of Goat Spermatozoa During Cryopreservation. Biopreserv. Biobank. 2021, 19, 298–305. [Google Scholar] [CrossRef]

	



Sun, L.; Fan, W.; Wu, C.; Zhang, S.; Dai, J.; Zhang, D. Effect of Substituting Different Concentrations of Soybean Lecithin and Egg Yolk in Tris-Based Extender on Goat Semen Cryopreservation. Cryobiology 2020, 92, 146–150. [Google Scholar] [CrossRef]

	



Mehdipour, M.; Daghigh-Kia, H.; Najafi, A.; Mehdipour, Z.; Mohammadi, H. Protective Effect of Rosiglitazone on Microscopic and Oxidative Stress Parameters of Ram Sperm after Freeze-Thawing. Sci. Rep. 2022, 12, 13981. [Google Scholar] [CrossRef] [PubMed]

	



Zou, J.; Wei, L.; Li, D.; Zhang, Y.; Wang, G.; Zhang, L.; Cao, P.; Li, G. Study on Cryopreservation of Guanzhong Dairy Goat Semen with Bovine Semen Seminal Plasma. Theriogenology 2022, 189, 113–117. [Google Scholar] [CrossRef]

	



Zhang, W.; Min, L.; Li, Y.; Lang, Y.; Hoque, S.A.M.; Adetunji, A.O.; Zhu, Z. Beneficial Effect of Proline Supplementation on Goat Spermatozoa Quality during Cryopreservation. Anim. J. 2022, 12, 2626. [Google Scholar] [CrossRef]

	



Mousaie, A. Dietary Supranutritional Supplementation of Selenium-Enriched Yeast Improves Feed Efficiency and Blood Antioxidant Status of Growing Lambs Reared under Warm Environmental Condition. Trop. Anim. Health Prod. 2021, 53, 138. [Google Scholar] [CrossRef]

	



Tao, D.; Wang, Y.; Liu, J.; Chen, R.; Qi, M.; Xu, S. Mechanism of CuSO4 Cytotoxicity in Goat Erythrocytes after High-Level in vitro Exposure to Isotonic Media. Ecotoxicol. Environ. Saf. 2021, 208, 111730. [Google Scholar] [CrossRef]

	



Sousa, R.S.; Sousa, C.S.; Oliveira, F.L.C.; Firmino, P.R.; Sousa, I.K.F.; Paula, V.V.; Caruso, N.M.; Ortolani, E.L.; Minervino, A.H.H.; Barrêto-Júnior, R.A. Impact of Acute Blood Loss on Clinical, Hematological, Biochemical, and Oxidative Stress Variables in Sheep. Vet. Sci. 2022, 9, 229. [Google Scholar] [CrossRef]

	



Seifalinasab, A.; Mousaie, A.; Doomary, H. Dietary High Chromium-Methionine Supplementation in Summer-Exposed Finishing Lambs: Impacts on Feed Intake, Growth Performance, and Blood Cells, Antioxidants, and Minerals. Biol. Trace Elem. Res. 2022, 200, 156–163. [Google Scholar] [CrossRef] [PubMed]

	



Zadeh Hashem, E.; Eslami, M. Kinetin Improves Motility, Viability and Antioxidative Parameters of Ram Semen during Storage at Refrigerator Temperature. Cell Tissue Bank. 2018, 19, 97–111. [Google Scholar] [CrossRef] [PubMed]

	



Ren, F.; Feng, T.; Dai, G.; Wang, Y.; Zhu, H.; Hu, J. Lycopene and Alpha-Lipoic Acid Improve Semen Antioxidant Enzymes Activity and Cashmere Goat Sperm Function after Cryopreservation. Cryobiology 2018, 84, 27–32. [Google Scholar] [CrossRef] [PubMed]

	



Liu, H.; Sun, Y.; Zhao, J.; Dong, W.; Yang, G. Effect of Zinc Supplementation on Semen Quality, Sperm Antioxidant Ability, and Seminal and Blood Plasma Mineral Profiles in Cashmere Goats. Biol. Trace Elem. Res. 2020, 196, 438–445. [Google Scholar] [CrossRef] [PubMed]

	



Al-Mutary, M.G.; Al-Ghadi, M.Q.; Ammari, A.A.; Al-Himadi, A.R.; Al-Jolimeed, A.H.; Arafah, M.W.; Amran, R.A.; Aleissa, M.S.; Swelum, A.A.A. Effect of Different Concentrations of Resveratrol on the Quality and in Vitro Fertilizing Ability of Ram Semen Stored at 5 °C for up to 168 H. Theriogenology 2020, 152, 139–146. [Google Scholar] [CrossRef]

	



Mortazavi, S.H.; Eslami, M.; Farrokhi-Ardabili, F. Comparison of Different Carrier-Compounds and Varying Concentrations of Oleic Acid on Freezing Tolerance of Ram Spermatozoa in Tris-Citric Acid-Egg Yolk Plasma Semen Diluent. Anim. Reprod. Sci. 2020, 219, 106533. [Google Scholar] [CrossRef]

	



Žaja, I.; Berta, V.; Valpotić, H.; Samardžija, M.; Milinković-Tur, S.; Vilić, M.; Šuran, J.; Hlede, J.P.; Đuričić, D.; Špoljarić, B.; et al. The Influence of Exogenous Melatonin on Antioxidative Status in Seminal Plasma and Spermatozoa in French Alpine Bucks during the Nonbreeding Season. Domest. Anim. Endocrinol. 2020, 71, 106400. [Google Scholar] [CrossRef]

	



Saberivand, A.; Pashapour, S.; Noghani, A.E.; Namvar, Z. Synergistic Effect of Royal Jelly in Combination with Glycerol and Dimethyl Sulfoxide on Cryoprotection of Romanov Ram Sperm. Cryobiology 2022, 104, 87–97. [Google Scholar] [CrossRef]

	



Shayestehyekta, M.; Mohammadi, T.; Soltani, L.; PooyanMehr, M. Effect of Different Concentrations of Melatonin on Ram Epididymal Spermatozoa Recovered Post-Mortem under Oxidative Stress Conditions and Storage at 4 °C. Reprod. Domest. Anim. 2022, 57, 1520–1528. [Google Scholar] [CrossRef]

	



Li, C.; Ren, C.; Chen, Y.; Wang, M.; Tang, J.; Zhang, Y.; Wang, Q.; Zhang, Z. Changes on Proteomic and Metabolomic Profiling of Cryopreserved Sperm Effected by Melatonin. J. Proteom. 2023, 273, 104791. [Google Scholar] [CrossRef]

	



Eruslanov, E.; Kusmartsev, S. Identification of ROS Using Oxidized DCFDA and Flow-Cytometry. Adv. Protoc. Oxidative Stress. 2009, 594, 57–72. [Google Scholar]

	



Liu-Smith, F.; Krasieva, T.B.; Liu, J.; Liu, J.; Meyskens, F.L. Measuring Redox Status of Melanoma Cells. Methods Mol. Biol. 2016. Online ahead of print. [Google Scholar] [CrossRef]

	



Ameziane-El-Hassani, R.R.; Dupuy, C.C. Detection of Intracellular Reactive Oxygen Species (CM-H2DCFDA). Bio Protoc. 2013, 3, 941–950. [Google Scholar] [CrossRef]

	



McBee, M.E.; Chionh, Y.H.; Sharaf, M.L.; Ho, P.; Cai, M.W.L.; Dedon, P.C. Production of Superoxide in Bacteria Is Stress- and Cell State-Dependent: A Gating-Optimized Flow Cytometry Method That Minimizes ROS Measurement Artifacts with Fluorescent Dyes. Front. Microbiol. 2017, 8, 459. [Google Scholar] [CrossRef]

	



Davila, M.P.; Muñoz, P.M.; Tapia, J.A.; Ferrusola, C.O.; Da Silva, C.C.B.; Peña, F.J. Inhibition of Mitochondrial Complex I Leads to Decreased Motility and Membrane Integrity Related to Increased Hydrogen Peroxide and Reduced ATP Production, While the Inhibition of Glycolysis Has Less Impact on Sperm Motility. PLoS ONE 2015, 10, e0138777. [Google Scholar] [CrossRef]








[image: Animals 13 02300 g001 550] 





Figure 1. The imbalance between antioxidants and oxidants in the cell and consequences of oxidative stress. ROS = reactive oxygen species, OX = oxidant, ANTIOX = antioxidant, OS = oxidative Stress. 
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Figure 2. Oxidative state of the cell with the main ROS and the system of enzymatic antioxidants. Superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPX), glutathione reductase (GSR), oxidated glutathione (GSSG) and reduced glutathione (GSH). 
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Table 1. The principal ROS in animals’ cells and tissue.
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	ROS
	Specie
	Catalyzed Reaction
	Production
	Refs.





	Superoxide Radical
	O2−•
	NADPH + 2O2 → NADP+ + 2 O2−• + H+
	Oxygen metabolism
	[19]



	Hydrogen Peroxide
	H2O2
	2 O2−•+ 2H+ → H2O2 + O2
	- Dismutation of O2−•

- Different oxidases

- Catabolic reactions
	[20,21,22]



	Hydroxyl Radical
	•OH
	H3O+ + e− → •OH + H2

H2O2 → •OH
	- Aconitase reactions

- Fenton reaction
	[20,23]



	Hydroperoxyl Radical
	HOO•
	O2− + H2O → HOO• + OH−
	The protonated form of O2−•
	[20]



	Peroxyl Radicals
	ROO•
	R• + O2 → ROO•
	Polyunsaturated fatty

acid metabolism
	[24]
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Table 2. The major physiological antioxidants in animals’ cells and tissues.
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	Enzymatic Antioxidant
	Function
	Catalyzed Reaction
	Refs.





	Superoxide Dismutase (SOD)
	Detoxification O2−•
	2O2−• + 2H+ → O2 + H2O2
	[26,27,28]



	Catalase (CAT)
	Detoxification H2O2
	2H2O2 → 2H2O + O2
	[28,29]



	Glutathione peroxidase (GPX)
	Detoxification H2O2
	2H2O2 + GSH → 2H2O+ O2 + GSSG
	[28]



	Glutathione reductase (GSR)
	Restoration of the GSH by reducing the GSSG
	GSSG + NADPH → GSH +NADP+
	[28]
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Table 6. Analytical methods for CAT, GPX, and GSR detection in erythrocytes and spermatozoa of small domestic ruminants.
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Specie

	
Method

	
Lysis

	
Concentration

	
Refs.






	
ERYTHROCYTES

	
Sheep

	
Commercial kit for GPX and CAT. (Nanjing Jiancheng Institute of Biotech., China)

	
By ultrapure water

	
CAT: 1 ÷ 5.5 U/mg protein

GPX: 10 ÷ 65 U/mg protein

	
[49]




	
SPERMATOZOA

	
Buck

	
Commercial kits:

GSR: Glutathione reductase kit (Randox Lab., UK)

GPX: Ransel kit (Randox Lab., UK)

CAT: Catalase assay kit (Cayman Chemical Co., MI)

	
Freeze–thaw in cooled distilled water

	
GSR: 2000 ÷ 3500 U/g protein

GPX: 3200 ÷ 4000 U/g protein

CAT: 300 ÷ 750 nmol/min/g protein

	
[116]




	
Goat

	
Commercial kit for GPX and CAT (Nanjing Jiancheng Bioeng. Institute, China)

	
by 0.1% Triton X-100

	
CAT: 1.8 ÷ 3.10 U/mL

GPX: 18 ÷ 33 U/mL

	
[112]




	
Commercial kit for GPX and CAT (Nanjing Jiancheng Bioeng. Institute, China)

	
by 0.1% Triton X-100

	
GPX: 20 ÷ 80 U/mg protein

CAT: 2.5 ÷ 3 U/mg protein

	
[113]




	
Commercial kit BC1195 for GPX (Solarbio)

	
N.S.

	
GPX: 106.3 ÷ 133.5 U/L

	
[104]




	
Ram

	
Commercial kits

A005–1-1 (for GPX) A007–1-1 (for CAT) (Nanjing Jiancheng, China)

	
Sonication in 0.9% NaCl and 1% Triton X-100

	
GPX: 10 ÷ 16 U/mg protein

CAT:0.12 ÷ 0.2 U/mgprotein

	
[119]








CAT = catalase, GPX = glutathione peroxidase, GSR = glutathione reductase, N.S. = not specified.
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