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Abstract

:

This review article examines the role of selenium (Se) and the effects of Se supplementation especially in the bovine species. Selenium is an important trace element in cattle. Some of its roles include the participation in the antioxidant defense the cattle farms. The nutritional requirements of Se in cattle are estimated at 100 μg/kg DM (dry matter) for beef cattle and at 300 μg/kg DM for dairy cows. The rations high in fermentable carbohydrates, nitrates, sulfates, calcium or hydrogen cyanide negatively influence the organism’s use of the selenium contained in the diet. The Se supplementation may reduce the incidence of metritis and ovarian cysts during the postpartum period. The increase in fertility when adding Se is attributed to the reduction of the embryonic death during the first month of gestation. A use of organic Se in feed would provide a better transfer of Se in calves relative to mineral Se supplementation. The addition of Se yeasts in the foodstuffs of cows significantly increases the Se content and the percentage of polyunsaturated fatty acids (PUFA) in milk compared to the addition of sodium selenite. The enzyme 5-iodothyronine deiodinase is a seleno-dependent selenoprotein. It is one of the last proteins to be affected in the event of Se deficiency. This delay in response could explain the fact that several studies did not show the effect of Se supplementation on growth and weight gain of calves. Enrichment of Se in the diet did not significantly affect the slaughter weight and carcass yield of bulls. The impact and results of Se supplementation in cattle depend on physiological stage, Se status of animals, type and content of Se and types of Se administration. Further studies in Se supplementation should investigate the speciation of Se in food and yeasts, as well as understanding their metabolism and absorption. This constitute a path to exploit in order to explain certain different effects of Se.
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1. Introduction


Selenium (Se) is a trace element that plays an important role in the health and performance of animals. In cattle, selenium deficiency can have economically significant impacts such as reduced fertility, placental retentions, and the incidence of mastitis and metritis [1,2,3,4]. The increase in fertility when adding selenium is attributed to the reduction of the embryonic death during the first month of gestation. In the immune system, selenium plays a role in the formation and the activity of helper T, cytotoxic T and Natural killer (NK) cells [5]. A selenium deficiency leads to disorders in the perinatal period altering milk quality in cows [6,7]. Selenium is a trace element that plays a role in the defence against the accumulation of hydroperoxides from cellular metabolism [8]. This biological function is accomplished through the selenoproteins, such as the glutathione peroxidase family (GPx) the iodothyronine deiodinases and the thioredoxin reductases, in which selenium is a structural component [9] These proteins have selenocysteine aminoacids (Secys) in critical positions of the active centre of the enzyme. The implications of selenium in the organism are multiple [10]. This review article examines the role of selenium and the effects of selenium supplementation, especially in the bovine species.




2. Selenium Nutritional Requirements in Cattle and Interaction with Vitamin E and Trace Elements


The daily nutritional requirements of selenium in cattle are estimated at 100 μg/kg DM (dry matter) for the beef cattle and at 300 μg/kg DM for dairy cows. In calves, the selenium requirements are 100 μg/kg DM per day [11,12]. For hyper muscular cattle races, an intake of 100 μg/kg DM of selenium per day seems not to cover all the requirements. In the case of Belgian Blue bulls, Guyot and Rollin [13] advocate an intake of 300 μg/kg DM per day.



Vitamin E is one of the factors influencing the dietary selenium consumption [14]. It should be noted that selenium and vitamin E antioxidant functions are interdependent. A diet low in vitamin E may increase the amounts of selenium necessary for the prevention of certain anomalies [14]. NRC [15] recommends 15 to 60 international units (IU) as the daily nutritional need of vitamin E in adult cattle. Meanwhile the daily needs for nursing calves are 40–60 IU. Nevertheless, vitamin E and selenium are involved in similar functions. Therefore, a selenium deficiency could be partially compensated by an adequate intake of vitamin E and vice versa. There is a close link between selenium and vitamin E status and antioxidant status [16]. Selenium and vitamin E deficiency may result in a malfunction of the thyroid metabolism, which can cause a decrease in the growth rate, reduced fertility, altered phagocytic response, and a drop in disease resistance [17].



According to Kessler et al. [18], diets rich in carbohydrates, nitrates, sulphates, calcium or hydrogen cyanide (clover, flax seeds) negatively influence the organism use of selenium in cattle. Sulfur (S) could decreases the absorption of selenium by steric competitiveness at a concentration over 2.4 g/kg DM. Similarly, Fe3+ decrease the rate of absorption of selenium. Fe3+ precipitates selenium to a complex form unassimilable by the enterocytes [1]. A calcium level of 0.8% DM in the feed allows an optimal apparent absorption of selenium in dairy cows in late pregnancy [19]. Garcia-Vaquero et al. [20], showed that calcium supplementation in cattle, with concentrations typically used in intensive production, causes a significant decrease in the selenium content in muscle. In addition, serum levels of selenium and its content in all tissues decreased in the case of high concentration of lead in the diet of the calf [21]. Iodine deficiency could exacerbate a selenium deficiency. In thyroids of cattle, iodine deficiency leads to marked induction of the selenoprotein-D1 which is accompanied by elevated GPx activity [22]. The raw materials rich in crude protein and cellulose have a positive impact on the selenium use by the assimilations rates [18].




3. Variations of Selenium Content in Rations, Toxicity and Deficiencies


Selenium deficiency is more of a problem geographically than is selenium toxicity [23]. The selenium content of forages varies with the type of feed, the type of soil and the region. Forages containing sulfur amino acids store more selenium than fodder. Sulfur (S) present in the methionine and cysteine is substituted by selenium to form selenomthionine (Semet) and selenocysteine. These two organic forms of selenium are the most common ones in forages. They are well absorbed by the body and accumulate in animal tissues [24]. Stems, leaves and seeds of plants are rich in selenium than the roots. In soils, selenium content varies with the soil type, texture, organic matter content and precipitation. The assimilation of the selenium by the plant is influenced by the physico-chemical factors of the soil, such as the redox status, pH and microbiological activity [10]. The selenium content in the forage also depends on the type of selenium available in the soil. For example, Selenate is absorbed ten-fold better by plants than selenite [25]. The type of soil, chemical factors and returning to a more extensive farming type and organic farming can favour the selenium deficiency appearance in cattle [26].



Adequate selenium intake can be achieved through supplementation. Some of selenium supplementation include the addition of selenium in drinking water, supplementation with mineral salts and selenium enriched yeast, injections, implants, and the use of bolus fodder grown with fertilizers enriched in selenium [18]. We must also consider the toxicity of selenium in order to not endanger the life of the animal or the consumer [27]. Its content in the diet should be based on the efficacy range to avoid accidents due to selenium deficiency or excess. According to Neve and Favier, [28] and Claude [26] the signs of selenium toxicity start to appear in the 5 to 8 mg/kg DM range. The most common forms of selenosis are chronic selenosis, referred to as alkali disease, and acute selenosis, popularly known as blind staggers [29]. In turn, marked deficiencies are observed when a content of selenium is less than 0.05 mg/kg DM in a diet [26]. The maximum selenium content standard in foods is set at 300 μg/kg DM in America and 500 μg/kg DM in Europe [30].




4. The Effects of Selenium Supplementation


4.1. The Effects of Selenium Supplementation on the Milk and Colostrum


The selenium content in the milk is an easy way to assess the selenium status of a herd. Sampling is usually done at the milk tank on the farm, allowing one to estimate an overall selenium status of the herd. Wichtel et al. [31] provide reference levels for the selenium status estimation from milk. These thresholds can be formulated as follows: a selenium content of less than 0.12 μmol/L defines a deficiency status, the selenium content greater than 0.28 μmol/L is adequate, and between 0.12 and 0.28 μmol/L is marginal.



According to Muñiz-Naveiro et al. [32], the highest selenium levels were found in milk whey (56.6%), while the lowest level was found for the fat phase (10.1%). A fraction of 55%–75% of selenium found in milk is incorporated in casein, a fraction of 17%–38% is contained in the whey and 7% are localised in fat [33]. These findings do not vary with the type of ingested selenium [34]. The selenium content in milk varies mainly depending on the selenium amounts in the diet of cows. Ivanis and Weiss, [35] derived the equation highlighting a positive correlation existing between plasma and milk selenium content: y = 0.37x − 4.2, with x = [Se] in the plasma (μg/L) and y = [Se] in the milk (μg/L). Generally, the amount of selenium in the plasma is from 3 to 5 fold higher than that found in milk. Cows supplemented with selenium by the oral route before parturition, produce colostrum 2-fold richer in selenium than non-supplemented cows (170 compared to 87 μg/L, [36]). This fact was proven by Pragon’s [37] work which also found that colostrum is 2- to 3-fold richer in selenium than milk.



The selenium amount in milk is influenced by its content in foods depending on a season and a farming region [38]. In a study conducted during the grazing season, Ceballos-Marquez et al. [39] reported a marginal selenium levels in the milk of 14% of the dairy herd . This observation was related mainly to an inadequate intakes of selenium due to poor forages. Studies conducted in Belgium [40], South Korea [41], Greece [42] and Australia [38] reported selenium contents of 30, 60, 15 and 22 μg/kg in the milk, respectively. In addition, selenium present in milk helps to meet a daily portion of the selenium nutritional requirements in humans. For example, in Belgium 4% of the selenium consumed by the population comes from milk and its derivatives [40]. In South Korea, this rate raises to 7% [41].



The amount of selenium in the milk is directly proportional to the organic selenium content in the feedstuffs of cows [43,44]. Ceballos et al. [43], reported that on average, cows fed organic selenium have 0.37 μmol/L more milk selenium than cows supplemented with inorganic forms. The addition of selenium yeast or sodium selenite in the cow feeds increases significantly selenium content [6], the percentage of the polyunsaturated fatty acids (PUFA) and linoleic acid content in milk compared to the control [7]. The increase of these parameters is more pronounced in case of selenized yeast as compared to sodium selenite supplementation. In addition, organic selenium supplementation of dairy cows rations in a form of selenized yeasts was shown to induce selenium concentration in milk reaching levels up to 190% higher as compared to milk from cows supplemented with inorganic selenium [45]. The same difference was observed by Salman et al. [46] in milk and colostrum. In addition, Salman et al. [46] reported that lymphocyte subpopulations and phagocytosis activity of neutrophilic granulocytes were affected neither by the selenium intake nor by the different dietary supplements (sodium selenite and selenium yeast). Conversely, selenium supplementation of feedstuffs appears to have no significant effect on milk production in cows and its chemical composition (in terms of fat, protein, lactose) [6,7,44,46]. An effect on milk production has been reported when supplementation is made with selenium associated with iodine and cobalt in the form of a ruminal bolus [47], or when selenium is associated with vitamin E [4]. Eulogio et al. [4] reported also an increase on percentage of crude protein, solids non-fat and lactose when selenium supplementation is associated with vitamin E. This increase in milk production of the cows was not observed when the trace element association is made as an injection. Indeed, Machado et al. [48] did not find an effect of the injection of selenium (25 mg), zinc (300 mg), manganese (50 mg), and copper (75 mg) on milk production. Dairy cows which received an oral supplementation of selenium of 300 μg/kg DM coupled to injection of 50 mg of selenium and 300 IU of vitamin E, 21 days before calving, maintained an adequate concentrations of selenium in plasma [49] ensuring a good selenium level in milk.




4.2. Effects of Selenium Supplementation in Newborn Calves


In ruminants, the transfer of selenium from cow to the newborn is done through the placenta and milk. Transfer performed via the placenta is more efficient than that made through the milk [50]. The reason may be the higher concentration of selenium in blood serum than in milk. The last months of gestation cows represent the critical period for the selenium availability. The transfer of selenium to the fetus and subsequently to the calf occurs even when cows are deficient in selenium. Cows sacrifice selenium available to them to ensure adequate intake for newborns [2]. This situation is explained by the fact that the renal selenium levels in the fetus remain unchanged whereas that of cows, at the end of pregnancy, decline [51].



The mineral selenium is not well transferred into the milk [52], and thus is not efficient in maintaining adequate selenium status in calves. Compared to mineral selenium, use of organic selenium in foods was shown to cause better selenium transfer rates in calves [43,52].



Contrary to sheep [53], selenium supplementation in calves generally has no influence on calf growth performance [36,54]. Positive effects were reported when selenium supplementation is performed in deficient calves [55]. Indeed, the authors report a significant increase in the average daily gain for calves treated by selenium injection (0.05 mg/kg at day 2, 70, 114 and 149 days) as compared to controls. It emerges from the study of Gunter et al. [54] that the type of selenium, namely inorganic or organic, does not have a significant impact on the birth weight, gain and mortality rates in calves. Similarly, during a supplementation at 0.08 mg/day in newborn calves, Salles et al. [56] reported no effect on the weight gain and the height or length development in calves. However, significant effects of selenium supplementation on the immune system of calves were recorded in the study of Salles et al. [56]. These authors report that high concentrations of selenium in serum induced an increase of the phagocytic activity of macrophages in 30 days old calves. An increase of the immunoglobulin concentration in calves has been demonstrated to be caused by a mineral selenium supplementation of cows before calving [36,57]. Indeed, strengthening of their immature immune system helps them to resist to the inadequate environmental conditions. At temperatures below 14.6 °C, newborn calves present sensitivity to cold [58]. To cope with this stress, the thermogenic response is generated by the metabolism of brown adipose tissue. The metabolism of the adipose tissue is regulated by T3 hormone which is a seleno-dependent hormone [36]. In cases of severe selenium deficiency in calves, it is advisable to couple a selenium injection together with self-service access to a dietary selenium source. Such practice helps to rapidly restore an adequate selenium status and to fix it for a few months [59]. In addition, subcutaneous injection of calves deficient in selenium linked to the selenium supplementation diet improves the activity of GPx [60].



It can be concluded that selenium does not play a direct role in promoting growth in calves. However, it helps to remove all constraints that may delay or inhibit growth. Selenium injection is considered a useful corrective tool to quickly establish an appropriate status of selenium of calves. However, it should not be considered as a permanent source of selenium intake.




4.3. Selenium Content in the Blood


In blood, the selenium is bound to the α and β-globulins, LDL (low density lipoprotein) and VLDL (very low density lipoprotein) and albumin [61]. Ten selenium atoms as selenocysteine are included in the selenoprotein-P which is a selenoprotein supplier of selenium to body tissues [62]. According to Dargatz et al. [63], the rate of adequate selenium in the blood of cattle is between 0.08 and 0.16 mg/L. In plasma, the selenium is mainly found in the albumin fraction. According to Villard et al. [64], the appropriate level in plasma selenium is between 51 and 85 μg/L. To achieve this adequate rate, additional dietary intake of 0.5 mg/kg DM may be enough [14]. An increase in the concentration of selenium in the diet is followed by an increase of the selenium concentration in the serum within two to six days after supplementation [65,66].



Selenium supplementation in the diet of calves [67], heifers [60] or fattening bulls [68] is usually manifested by an increase of the selenium content and GPx activity in the blood. This increase is more pronounced upon the addition of selenium in organic form in the food compared to inorganic form [7,60]. The difference in effect between these two forms of selenium is estimated at 20% for the blood selenium content and 16% in the GPx activity [69]. According to Hall et al. [70], cows fed a supranutritional selenium-yeast supplement during the last 8-weeks of gestation had higher selenium concentrations in whole blood (overall 52% higher) and serum (overall 36% higher) at 48 h and 14 day of lactation. Organic selenium supplementation on dairy cows induce lower serum cholesterol concentrations and higher α-tocopherol/cholesterol ratios at calving and at 48 h compared with control [70].



The selenium increases are produced gradually during a supplementation of the diet (2 mg of organic or inorganic selenium) [45]. A combination of injections and diets supplemented with selenium help maintain normal blood selenium content and GPx activity in heifers during the first weeks in fattening units [60].




4.4. Effects of Selenium on Growth Performance


Selenium is involved in the metabolism of thyroid hormones. A selenium-deficient diet causes a reduction of triiodothyronine (T3) and an increase of the tetraiodothyronine (T4) and a decrease in the ratio T3/T4 levels in blood [71,72]. These effects can influence growth rates since T3 is an active form of T4 which is known to be involved in the growth mechanisms. The activation of the T4 is done using the enzyme 5-iodothyronine deiodinase. This seleno-dependent selenoprotein is one of the last proteins to be affected in the event of selenium deficiency. This delay could explain the fact that several studies that have explored various ways of selenium supplementation do not show any significant effect of selenium supplementation on growth, weight gain of calves, cows or bulls. The subcutaneous injection [55] or intramuscular [73] selenium has also no effect on growth performance. Similar results are reported in a mineral selenium supplementation (sodium selenite) or organic (selenized yeast) in the cow and calf diets [54,74,75]. According to Chorfi et al. [60], the selenium source has no effect on the dry matter intake and weight gain in heifers. When using a diet concentrates composed of cereals produced with fertilizers enriched in selenium, Mehdi et al. [68] did not find a significant impact of such soil enrichment strategy on the growth of fattening bulls. Similarly, supplementation with an intra-ruminal bolus of the cow had no influence on the birth weight nor the average daily gain (ADG) of calves [73]. However, Wichtel et al. [76] reported an increase of 20% of ADG when using intra-ruminal bolus in calves aged 5 months. Results also different on the ADG and growth of calves having a low selenium status were recorded by Castellan et al. [55]. An increase in growth was recorded after addition of selenium in the diet of cattle suffering from hypocupremia [77]. In this context, we can assume that the response to selenium supplementation depends on the current selenium status (low or adequate) in animals. Growth in cattle can be influenced indirectly by selenium deficiency. This is caused by a dysfunction of muscle pathologies such as white muscle disease. As a result, it is necessary to include selenium in feedstuffs.



Selenium enrichment of the diet of young fattening bulls and steers had no significant effect on weight at slaughter and carcass yield. These effects were observed in the studies of Lawler et al. [78] with organic selenium (selenized yeast), Netto et al. [79] with the mineral selenium and Mehdi et al. [68] with the cereals produced from the fertilizer selenium enriched soil.




4.5. Effect of Selenium Supplementation on Cattle Reproduction


Selenium deficiency presents a factor favouring the appearance of perinatal metritis and retention of placenta in dairy cattle [1,3]. In addition, selenium deficiency can cause a malfunction of the testosterone and spermatozoon synthesis, which causes infertility in males [80]. Selenium is known to influence the gross and histological morphology of the testis [81]. Selenium deficiency is often characterized by reduced spermatozoon motility due to the fragility of its intermediate piece [82]. Some selenoproteins were localized in the testes as selenophosphate synthase-2 (SPS-2) and the mitochondrial capsule selenoprotein (MCSeP) [83,84]. An increase of the selenium content in the testes of cattle was reported during the supplementation with selenium enriched cereals [68], mineral selenium (selenite) [85] and organic selenium (yeast) [78].



The increase in fertility when adding selenium can be attributed to the reduction in embryonic death in the first month of gestation. Indeed, it appears from the analysis of Ceko et al. [86] on expression of the selenoprotein gene that GPx-1 is significantly increased in granulosa cells of large healthy follicles. These authors conclude that selenoproteins have an antioxidant role during the belated follicular development. Similar results were reported in goats [87]. Wu et al. [87] found that s nanoselenium supplement could promote the development of secondary follicles in cashmere goats.



Selenium supplementation may reduce the incidence of metritis and ovarian cysts during the postpartum period [88]. Spears and Weiss [1], reported that selenium supplementation of dairy cows decreased the incidence of retained placenta. Furthermore, it appears from the study of Komisrud et al. [89], that selenium supplementation in dairy cows deficient in selenium may improve the success rate to first service. However, according to Gunter et al. [54], the source of selenium (sodium selenite or selenized yeast) has no effect on the conception rate and the calving interval in cows.



The literature related to the selenium supplementation in cattle reported its contradictory effects on reproduction. These contradictions could be due to the severity of the deficit, conditions of supplementation and the system’s ability to enzymatic synthesis under these conditions [2]. It is also important to note that in cattle, chronic selenosis lowers fertility by supporting the growth of ovarian cysts and prolonging anoestrus [29].




4.6. Effect of Selenium Supplementation on the Cattle Health


The nutritional status of dairy cows is widely recognized as being closely linked to the maintenance of optimal immune function and health [8]. Selenium (Se), iodine (I), zinc (Zn) and copper (Cu) deficiencies in cattle have been often associated with diseases [23,90]. Machado et al. [48] found that administration of three subcutaneous injections of trace minerals (300 mg of zinc, 50 mg of manganese, 25 mg of selenium, and 75 mg of copper) had a positive impact on udder health, decreasing linear somatic cell count scores, the incidence of subclinical mastitis, and the incidence of clinical mastitis. According to Hall et al. [70] feeding selenium-replete cows during late gestation a supranutritional selenium yeast supplement improves antioxidant status and immune responses after calving. There is a relationship between selenium content in the diet and mastitis frequency in cows, knowing that the phagocytic activity of neutrophils is the primary defense mechanism against mastitis [30]. Selenium affects the innate and the adaptive immune responses of the mammary gland through humoral and cellular activities [91]. According to Finch et al. [92], several researchers have demonstrated a significant reduction in the incidence of mastitis in dairy cows after they were supplemented with selenium and/or vitamin E. According to Eulogio et al. [4] the performance and economic feasibility of the use of selenium and vitamin E allowed to obtain a profit margin of 0.21 $US per animal per day. However, Ceballos-Marquez et al. [39] did not reveal the presence of link between selenium status and intra mammary infections and clinical mastitis.



According to Petrie et al. [5] selenium dietary supplementation can improve expression of various humoral and cellular immune responses. Bulls that received selenium (yeast) and vitamin E had higher NK cell cytotoxicity than control Nellore bulls [93]. Selenium supplementation causes increased expression of natural killer (NK) cells in the spleen cells. There is an effects of selenium supplementation on passive transfer of immunity from the dam to the calf.



Hefnawy et al. [2] report that selenium supplementation of cows induces a high concentration of IgG in the serum and colostrum. Higher levels of IgG in the serum were also recorded in their calves. Kamada et al. [94] found that selenium supplementation (selenite) of colostrum increases IgG absorption by new-born calves. The redox balance of the colostrum plays an important role in the passive transfer of immunity from the colostrum to the calf. The findings of Abuelo et al. [95], suggest that selenium supplementation enhanced the antioxidant properties of the colostrum. Similarly, Sordillo et al. [3] reported a decrease of the phagocytic ability of blood and milk neutrophil to kill pathogens in dairy cows with a selenium deficiency. The opposite situation was reported for neutrophils cows having a higher status of selenium. High levels of selenium may cause both the inhibition of tumor cell proliferation and improvement of in vivo and in vitro immunity [5]. A study about glucose tolerance in dairy cows [96], show that cows supplemented parentally with selenium and vitamin E before calving showed improved insulin sensitivity during the first week of lactation.



Nevertheless, while selenium is an essential micronutrient for various immune mechanisms, according to Nair and Stanley [97] an excess of selenium can have a detrimental effect on some immunological functions. In general, the excessive supplementation with antioxidant can increase the production of reactive oxygen species (ROS) [96,98].




4.7. Distribution of Selenium in the Muscles and Organs


The selenium content in the forages and grass depends directly on the selenium content in the soil [99]. This creates a difference in the levels of selenium in animal meat according to breeding areas. The selenium content in the meat also varies among species because of the morphology of the digestive organs and the metabolism of selenium. The absorption of selenite is about 80% in monogastric animals and poultry, whereas this rate is only 29% in ruminants [30]. In ruminant (ewes), Galbraith et al. [100] showed that organic selenium as SeMet was incorporated to a greater extent into rumen micro-organism than inorganic selenium sources and resulted in less elemental selenium formation. According to Galbraith et al. [100] the oral bioavailability of organic SeMet should be greater compared with inorganic selenium sources because of greater rumen microorganism incorporation of selenium and decreased formation of elemental selenium by rumen micro-organism. The aspect relating to selenium metabolism and transport have been treated in detail in the review of Burk and Hill, [101] and will not be detailed in this section.



During a selenium supplementation in animals, the effect of enrichment on the selenium content in the muscles and organs is different. Part of the absorbed organic selenium is incorporated directly into the muscle proteins, while the inorganic selenium is mainly used for the synthesis of selenoproteins [102,103]. Inorganic selenium supplementation provides no significant difference in the selenium concentration in the muscles [78,79,85]. During a selenite supplementation, most of the selenium is incorporated in selenoproteins. During supplementation with organic selenium, a part follows the same metabolic pathways as selenite, but a certain amount is deposited directly and non-specifically in muscle proteins. There are differences in the absorption of selenium contained in yeast by the body. Kieliszek et al. [104] noted that binding of selenium by microbial cells largely depends on the culture conditions, the concentration of selenium in experimental medium, and the organisms used. The source of organic selenium leads to differences in impact of selenium supplementation. In a meta- analyse of the effect of selenium supplementation, Bermingham et al. [105] report that for animal species selenium-enriched foods are more effective than selenomethionine at increasing GPx activity, which could give result in selenium content in the kidneys.



The highest density of selenium content in cattle is found in the kidneys, while in muscles it is present at the highest amounts. The first organs affected by selenium deficiency are heart, skeletal muscle and liver [30]. When selenium supplementation, the kidneys and the liver have the highest selenium contents [68,78,85]. Kidneys are organs which store the highest amount of selenium followed by the liver, the testis and the lungs [78,85,106]. Supplementation with the sodium selenite causes selenium to be distributed in the whole organism. However, most of the absorbed selenium is found in the liver [107]. During the absorption of selenium, a large proportion is directed toward the liver, which is considered selenium storage organ. Selenium accumulates in the liver, in the case of an excess of selenium compared with needs, a part of the selenium stored in the liver is excreted via bile. Another most important part is excreted via the kidneys. When selenium is in excess, selenide is polymethylated and excreted (dimethyl selenide in breath and faeces; and the cathion (CH3)3Se+ in urine) [103,108,109].




4.8. Effect of Selenium Supplementation on the Meat Quality, Chemical Composition and Fatty Acids Profile


Lipid oxidation is the main cause of deteriorating meat quality [110]. Oxidation reactions in the meat are the most influencing factor in the quality of the meat. These reactions affect the color, flavor, texture and nutritional value of meat [111]. Joksimović-Todorović et al. [112] report that recent research has shown that selenium has an effect of preserving sensory characteristics of meat and its texture among domestic animals. Use of selenium-enriched cereals was found to be an interesting way of selenium supplementation of fattening bulls [68]. This kind of supplementation had no significant effect on the color, pH, water loss, tenderness and oxidative rancidity of meat. In addition, this type of supplementation induced a decrease in the fat content of meat [68]. In the study by Netto et al. [113] a reduction of the cholesterol content in the meat was reported during a supplementation with mineral selenium. Glutathione peroxidase 4 (GPx4) is an essential antioxidant selenoenzyme well known to protect against lipid peroxidation [114]. Further, selenium may play a role in the alteration of lipid metabolism. Cholesterol is a biologically important compound that is present in animal products. The cholesterol content in meat and meat products is variable, it is generally less than 70 mg/100 g of meat [115]. The cholesterol content in edible offal is higher compared to meat. A decrease of the content of cholesterol in meat when adding selenium would be a beneficial effect of selenium supplementation. The meat would be dietary and healthy. Indeed, the oxidation of cholesterol (COP) generates compounds that were found to be cytotoxic, mutagenic and carcinogenic. Cholesterol oxidation products are also considered to be a main trigger atherosclerosis [115]. Nevertheless, the results concerning lipid decrease [68,113] were not consistent with those reported in other studies in cattle [85,116,117], rabbit [118] or pigs [119,120] for which no difference was observed in lipid when adding selenium. Further comparative studies using different sources and selenium levels, as well as determination of various types of lipids in meat are necessary.



During selenium supplementation in cattle, the sum of saturated fatty acids, monounsaturated and polyunsaturated for meat was not influenced by the source of selenium (sodium selenite or selenized yeasts) [24]. Netto et al. [113] report similar results except for linoleic and palmitic acid. These authors reported an increase of these two fatty acids amounts thanks to organic selenium supplementation (2 mg/kg MS) in the diet of fattening steers. Selenium source was reported to have no effect on the fatty acid profile of the meat. However, organic selenium is known to be linked to a higher selenium content in the meat compared to the inorganic selenium [24].



The different results reported in the literature regarding the composition of the meat can be attributed, as for tenderness, to different rates of incorporation of selenium, sources of selenium, type of selenium and the administration routes.





5. Conclusions


Selenium plays an important role in the health and production of cattle. Selenium deficiency has direct or indirect negative effects on growth, production and health of cattle. Excessive selenium supplementation can lead to toxicity. The availability of selenium in sufficient quantities in the diet ensures the proper functioning of the immune and reproduction systems. The presence of selenium in the diet provides a high content of selenium in the milk and meat, which is essential for humans. There are several modalities of selenium supplementation in cattle. The impact and results of selenium supplementation in cattle depend on physiological stage, selenium status of animals, type and content of selenium and types of selenium administration. Yeast accumulate organic forms of selenium but also accumulate selenium as mineral. Organic forms and their quantities contained in yeast are different, depending on the environment of the yeast culture, organisms used and the concentration of selenium in the medium, which may affect the impact of selenium supplementation. Further studies on selenium supplementation should investigate the speciation of selenium in food and yeasts, as well as our understanding of their metabolism and absorption. This constitutes a track to exploit in order to explain certain sometimes contradictory effects of selenium supplementation like its concentration in muscles and organs and decreased lipid levels in the muscles.







Acknowledgments


This work was funded by the Direction Générale de l’Agriculture de la Région Wallonne (DG003). The authors are grateful to Bessonov Kyrylo for the English editing.




Author Contributions


The manuscript was written through the contributions of Mehdi Y. and Dufrasne I. The authors have approved the final version of the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Spears, J.W.; Weiss, W.P. Role of antioxidants and trace elements in health and immunity of transition dairy cows. Vet. J. 2008, 176, 70–76. [Google Scholar] [CrossRef] [PubMed]

	



Hefnawy, A.E.G.; Tórtora-Pérez, J.L. The importance of selenium and the effects of its deficiency in animal health. Small Rumin. Res. 2010, 89, 185–192. [Google Scholar] [CrossRef]

	



Sordillo, L.M. Selenium-dependent regulation of oxidative stress and immunity in periparturient dairy cattle. Vet. Med. Int. 2013, 2013, 154045. [Google Scholar] [CrossRef] [PubMed]

	



Eulogio, G.L.J.; Hugo, C.V.; Antonio, C.N.; Alejandro, C.-I.; Juan, M.Q. Effects of the selenium and vitamin E in the production, physicochemical composition and somatic cell count in milk of Ayrshire cows. J. Anim. Vet. Adv. 2012, 11, 687–691. [Google Scholar]

	



Petrie, H.T.; Klassen, L.W.; Klassen, P.S.; O’Dell, J.R.; Kay, H.D. Selenium and the immune response: 2. Enhancement of murine cytotoxic T-lymphocyte and natural killer cell cytotoxicity in vivo. J. Leukoc. Biol. 1989, 45, 215–220. [Google Scholar] [PubMed]

	



Horkỳ, P. Effect of selenium on its content in milk and performance of dairy cows in ecological farming. Potravinarstvo 2015, 9, 324–329. [Google Scholar] [CrossRef]

	



Ran, L.; Wu, X.; Shen, X.; Zhang, K.; Ren, F.; Huang, K. Effects of selenium form on blood and milk selenium concentrations, milk component and milk fatty acid composition in dairy cows. J. Sci. Food Agric. 2010, 90, 2214–2219. [Google Scholar] [CrossRef] [PubMed]

	



Sordillo, L.M. Nutritional strategies to optimize dairy cattle immunity. J. Dairy Sci. 2016, 99, 1–16. [Google Scholar] [CrossRef] [PubMed]

	



Brigelius-Flohé, R.; Maiorino, M. Glutathione peroxidases. Biochim. Biophys. Acta 2013, 1830, 3289–3303. [Google Scholar] [CrossRef] [PubMed]

	



Mehdi, Y.; Hornick, J.L.; Istasse, L.; Dufrasne, I. Selenium in the environment, metabolism and involvement in body functions. Molecules 2013, 18, 3292–3311. [Google Scholar] [CrossRef] [PubMed]

	



Suttle, N.F. Mineral Nutrition of Livestock, 4th ed.; British Library: London, UK, 2010. [Google Scholar]

	



National Research Council (NRC). Nutrient Requirements of Dairy Cattle. Seventh Revised Edition; National Acedemy Press: Washington, DC, USA, 2001. [Google Scholar]

	



Guyot, H.; Rollln, F. The diagnosis of selenium and iodine deficiencies in cattle. Ann. Med. Vet. 2007, 151, 166–191. [Google Scholar]

	



National Research Council (NRC). Nutrient Requirements of Beef Cattle. Seventh Revised Edition (Update 2000); National Academy Press: Washington, DC, USA, 1996. [Google Scholar]

	



National Research Council (NRC). Nutrient Requirements of Beef Cattle, 6th ed.; National Academy Press: Washington, DC, USA, 1984. [Google Scholar]

	



Chauhan, S.S.; Celi, P.; Ponnampalam, E.N.; Leury, B.J.; Liu, F.; Dunshea, F.R. Antioxidant dynamics in the live animal and implications for ruminant health and product (meat/milk) quality: Role of vitamin E and selenium. Anim. Prod. Sci. 2014, 54, 1525–1536. [Google Scholar] [CrossRef]

	



Žust, J.; Hrovatin, B.; Šimundić, B. Assessment of selenium and vitamin E deficiencies in dairy herds and clinical disease in calves. Vet. Rec. 1996, 139, 391–394. [Google Scholar] [CrossRef] [PubMed]

	



Kessler, J. Carence en sélénium chez les ruminants: Mesures prophylactiques. Rev. Suisse Agric. 1993, 25, 21–26. [Google Scholar]

	



Harrison, J.H.; Conrad, H.R. Effect of dietary calcium on selenium absorption by the nonlactating dairy cow. J. Dairy Sci. 1984, 67, 1860–1864. [Google Scholar] [CrossRef]

	



García-Vaquero, M.; Miranda, M.; Benedito, J.L.; Blanco-Penedo, I.; López-Alonso, M. Effect of type of muscle and Cu supplementation on trace element concentrations in cattle meat. Food Chem. Toxicol. 2011, 49, 1443–1449. [Google Scholar] [CrossRef] [PubMed]

	



Neathery, M.W.; Miller, W.J.; Gentry, R.P.; Crowe, C.T.; Alfaro, E.; Fielding, A.S.; Pugh, D.G.; Blackmon, D.M. Influence of high dietary lead on selenium metabolism in dairy calves. J. Dairy Sci. 1987, 70, 645–652. [Google Scholar] [CrossRef]

	



Zagrodzki, P.; Nicol, F.; McCoy, M.A.; Smyth, J.A.; Kennedy, D.G.; Beckett, G.J.; Arthur, J.R. Iodine deficiency in cattle: Compensatory changes in thyroidal selenoenzymes. Res. Vet. Sci. 1998, 64, 209–211. [Google Scholar] [CrossRef]

	



Khanal, D.; Knight, A.P. Selenium: Its role in livestock health and production. J. Agric. Environ. 2010, 11, 101–106. [Google Scholar] [CrossRef]

	



Pereira, A.S.C.; Santos, M.V.D.; Aferri, G.; Corte, R.R.P.D.S.; De Freitas Júnior, J.E.; Leme, P.R.; Rennó, F.P. Lipid and selenium sources on fatty acid composition of intramuscular fat and muscle selenium concentration of Nellore steers. Rev. Bras. Zootec. 2012, 41, 2357–2363. [Google Scholar] [CrossRef][Green Version]

	



Terry, N.; Zayed, A.M.; De Souza, M.P.; Tarun, A.S. Selenium in higher plants. Annu. Rev. Plant Physiol. Plant Mol. Biol. 2000, 51, 401–432. [Google Scholar] [CrossRef] [PubMed]

	



Claude, J.B. Introduction à la Nutrition des Animaux Domestiques; Tec & Doc/ EM Inter: Paris, France, 2002. [Google Scholar]

	



Schöne, F.; Steinhöfel, O.; Weigel, K.; Bergmann, H.; Herzog, E.; Dunkel, S.; Kirmse, R.; Leiterer, M. Selenium in feedstuffs and rations for dairy cows including a view of the food chain up to the consumer. J. Verbrauch. Lebensm. 2013, 8, 271–280. [Google Scholar] [CrossRef]

	



Neve, J.; Favier, A. Selenium in Medecine and Biology, Proceedings of the Second International Congress on Trace Elements in Medecine and Biology, Avoriaz, France, March 1988.

	



Żarczyńska, K.; Sobiech, P.; Radwińska, J.; Rękawek, W. Effects of selenium on animal health. J. Elemntol. 2013, 18, 329–340. [Google Scholar] [CrossRef]

	



Meschy, F. Nutrition Minérale des Ruminants; Editions Quae: Versaille, France, 2010; p. 208. [Google Scholar]

	



Wichtel, J.J.; Keefe, G.P.; Van Leeuwen, J.A.; Spangler, E.; McNiven, M.A.; Ogilvie, T.H. The selenium status of dairy herds in Prince Edward Island. Can. Vet. J. 2004, 45, 124–132. [Google Scholar] [PubMed]

	



Muniz-Naveiro, O.; Dominguez-Gonzalez, R.; Bermejo-Barrera, A.; Cocho, J.A.; Fraga, J.M.; Bermejo-Barrera, P. Determination of total selenium and selenium distribution in the milk phases in commercial cow’s milk by HG-AAS. Anal. Bioanal. Chem. 2005, 381, 1145–1151. [Google Scholar] [CrossRef] [PubMed]

	



Van Dael, P.; Vlaemynck, G.; Van Renterghem, R.; Deelstra, H. Selenium content of cow’s milk and its distribution in protein fractions. Z. Lebensm. Unters. Forsch. 1991, 192, 422–426. [Google Scholar] [CrossRef]

	



Muñiz-Naveiro, Ó.; Domínguez-González, R.; Bermejo-Barrera, A.; Cocho De Juan, J.A.; Fraga Bermúdez, J.M.; Pereiras, A.G.; Santamariña, A.L.; Lede, I.M.; Puente, J.V.; Gómez, L.F.C.; et al. Selenium content and distribution in cow’s milk supplemented with two dietary selenium sources. J. Agric. Food Chem. 2005, 53, 9817–9822. [Google Scholar] [CrossRef] [PubMed]

	



Ivancic, J., Jr.; Weiss, W.P. Effect of dietary sulfur and selenium concentrations on selenium balance of lactating Holstein cows. J. Dairy Sci. 2001, 84, 225–232. [Google Scholar] [CrossRef]

	



Rowntree, J.E.; Hill, G.M.; Hawkins, D.R.; Link, J.E.; Rincker, M.J.; Bednar, G.W.; Kreft, R.A., Jr. Effect of Se on selenoprotein activity and thyroid hormone metabolism in beef and dairy cows and calves. J. Anim. Sci. 2004, 82, 2995–3005. [Google Scholar] [PubMed]

	



Paragon, B.M. Alimentation Minérale des Animaux Domestiques; Ecole Nationale Vétérinaire d’Alfort: Maisons-alfort, France, 1995; p. 98. [Google Scholar]

	



Tinggi, U.; Patterson, C.; Reilly, C. Selenium levels in cow’s milk from different regions of Australia. Int. J. Food Sci. Nutr. 2001, 52, 43–51. [Google Scholar] [PubMed]

	



Ceballos-Marquez, A.; Barkema, H.W.; Stryhn, H.; Dohoo, I.R.; Keefe, G.P.; Wichtel, J.J. Milk selenium concentration and its association with udder health in Atlantic Canadian dairy herds. J. Dairy Sci. 2010, 93, 4700–4709. [Google Scholar] [CrossRef] [PubMed]

	



Waegeneers, N.; Thiry, C.; De Temmerman, L.; Ruttens, A. Predicted dietary intake of selenium by the general adult population in Belgium. Food Addit. Contam. A Chem. Anal. Control Expo Risk Assess. 2013, 30, 278–285. [Google Scholar] [CrossRef] [PubMed]

	



Choi, Y.; Kim, J.; Lee, H.S.; Kim, C.I.; Hwang, I.K.; Park, H.K.; Oh, C.H. Selenium content in representative Korean foods. J. Food Compos. Anal. 2009, 22, 117–122. [Google Scholar] [CrossRef]

	



Pappa, E.C.; Pappas, A.C.; Surai, P.F. Selenium content in selected foods from the Greek market and estimation of the daily intake. Sci. Total Environ. 2006, 372, 100–108. [Google Scholar] [CrossRef] [PubMed]

	



Ceballos, A.; Sánchez, J.; Stryhn, H.; Montgomery, J.B.; Barkema, H.W.; Wichtel, J.J. Meta-analysis of the effect of oral selenium supplementation on milk selenium concentration in cattle. J. Dairy Sci. 2009, 92, 324–342. [Google Scholar] [CrossRef] [PubMed]

	



Meyer, U.; Heerdegen, K.; Schenkel, H.; Dänicke, S.; Flachowsky, G. Influence of various selenium sources on selenium concentration in the milk of dairy cows. J. Verbrauch. Lebensm. 2014, 9, 101–109. [Google Scholar] [CrossRef]

	



Ortman, K.; Pehrson, B. Effect of selenate as a feed supplement to dairy cows in comparison to selenite and selenium yeast. J. Anim. Sci. 1999, 77, 3365–3370. [Google Scholar] [PubMed]

	



Salman, S.; Dinse, D.; Khol-Parisini, A.; Schafft, H.; Lahrssen-Wiederholt, M.; Schreiner, M.; Scharek-Tedin, L.; Zentek, J. Colostrum and milk selenium, antioxidative capacity and immune status of dairy cows fed sodium selenite or selenium yeast. Arch. Anim. Nutr. 2013, 67, 48–61. [Google Scholar] [CrossRef] [PubMed]

	



Cook, J.G.; Green, M.J. Milk production in early lactation in a dairy herd following supplementation with iodine, selenium and cobalt. Vet. Rec. 2010, 167, 788–789. [Google Scholar] [CrossRef] [PubMed]

	



Machado, V.S.; Bicalho, M.L.; Pereira, R.V.; Caixeta, L.S.; Knauer, W.A.; Oikonomou, G.; Gilbert, R.O.; Bicalho, R.C. Effect of an injectable trace mineral supplement containing selenium, copper, zinc, and manganese on the health and production of lactating Holstein cows. Vet. J. 2013, 197, 451–456. [Google Scholar] [CrossRef] [PubMed]

	



Weiss, W.P.; Todhunter, D.A.; Hogan, J.S.; Smith, K.L. Effect of duration of supplementation of selenium and vitamin E on periparturient dairy cows. J. Dairy Sci. 1990, 73, 3187–3194. [Google Scholar] [CrossRef]

	



Enjalbert, F.; Lebreton, P.; Salat, O.; Schelcher, F. Effects of pre- or postpartum selenium supplementation on selenium status in beef cows and their calves. J. Anim. Sci. 1999, 77, 223–229. [Google Scholar] [PubMed]

	



House, W.A.; Bell, A.W. Sulfur and selenium accretion in the gravid uterus during late gestation in Holstein cows. J. Dairy Sci. 1994, 77, 1860–1869. [Google Scholar] [CrossRef]

	



Pehrson, B.; Ortman, K.; Madjid, N.; Trafikowska, U. The influence of dietary selenium as selenium yeast or sodium selenite on the concentration of selenium in the milk of suckler cows and on the selenium status of their calves. J. Anim. Sci. 1999, 77, 3371–3376. [Google Scholar] [PubMed]

	



Hefnawy, A.E.; López-Arellano, R.; Revilla-Vázquez, A.; Ramírez-Bribiesca, E.; Tórtora-Pérez, J. Effect of pre- and postpartum selenium supplementation in sheep. J. Anim. Vet. Adv. 2008, 7, 61–67. [Google Scholar]

	



Gunter, S.A.; Beck, P.A.; Phillips, J.M. Effects of supplementary selenium source on the performance and blood measurements in beef cows and their calves. J. Anim. Sci. 2003, 81, 856–864. [Google Scholar] [PubMed]

	



Castellan, D.M.; Maas, J.P.; Gardner, I.A.; Oltjen, J.W.; Sween, M.L. Growth of suckling beef calves in response to parenteral administration of selenium and the effect of dietary protein provided to their dams. J. Am. Vet. Med. Assoc. 1999, 214, 816–821. [Google Scholar] [PubMed]

	



Salles, M.S.V.; Zanetti, M.A.; Junior, L.C.R.; Salles, F.A.; Azzolini, A.E.C.S.; Soares, E.M.; Faccioli, L.H.; Valim, Y.M.L. Performance and immune response of suckling calves fed organic selenium. Anim. Feed Sci. Technol. 2014, 188, 28–35. [Google Scholar] [CrossRef]

	



Guyot, H.; Spring, P.; Andrieu, S.; Rollin, F. Comparative responses to sodium selenite and organic selenium supplements in Belgian Blue cows and calves. Livest. Sci. 2007, 111, 259–263. [Google Scholar] [CrossRef]

	



Schrama, J.W.; Arieli, A.; Brandsma, H.A.; Luiting, P.; Verstegen, M.W. Thermal requirements of young calves during standing and lying. J. Anim. Sci. 1993, 71, 3285–3292. [Google Scholar] [PubMed]

	



Eversole, D.E.; Thatcher, C.D.; Blodgett, D.J.; Meldrum, J.B.; Kent, H.D. Repletion of blood selenium concentrations in weaned beef calves. Cornell Vet. 1988, 78, 75–87. [Google Scholar] [PubMed]

	



Chorfi, Y.; Girard, V.; Fournier, A.; Couture, Y. Effect of subcutaneous selenium injection and supplementary selenium source on blood selenium and glutathione peroxidase in feedlot heifers. Can. Vet. J. 2011, 52, 1089–1094. [Google Scholar] [PubMed]

	



Schrauzer, G.N. Selenomethionine: A review of its nutritional significance, metabolism and toxicity. J. Nutr. 2000, 130, 1653–1656. [Google Scholar] [PubMed]

	



Burk, R.F.; Hill, K.E. Selenoprotein P-Expression, functions, and roles in mammals. Biochim. Biophys. Acta 2009, 1790, 1441–1447. [Google Scholar] [CrossRef] [PubMed]

	



Dargatz, D.A.; Ross, P.F. Blood selenium concentrations in cows and heifers on 253 cow-calf operations in 18 states. J. Anim. Sci. 1996, 74, 2891–2895. [Google Scholar] [PubMed]

	



Villard, D.; Arthur, J.R.; Gonzalez, J.M.; Pallares, F.J. Selenium status in cattle: Interpretation of laboratory results. Bovine Pract. 2002, 36, 73–80. [Google Scholar]

	



Longnecker, M.P.; Stram, D.O.; Taylor, P.R.; Levander, O.A.; Howe, M.; Veillon, C.; McAdam, P.A.; Patterson, K.Y.; Holden, J.M.; Steven Morris, J.; et al. Use of selenium concentration in whole blood, serum, toenails, or urine as a surrogate measure of selenium intake. Epidemiology 1996, 7, 384–390. [Google Scholar] [CrossRef] [PubMed]

	



Ellis, R.G.; Herdt, T.H.; Stowe, H.D. Physical, hematologic, biochemical, and immunologic effects of supranutritional supplementation with dietary selenium in Holstein cows. Am. J. Vet. Res. 1997, 58, 760–764. [Google Scholar] [PubMed]

	



Hall, J.A.; Bobe, G.; Hunter, J.K.; Vorachek, W.R.; Stewart, W.C.; Vanegas, J.A.; Estill, C.T.; Mosher, W.D.; Pirelli, G.J. Effect of feeding selenium-fertilized alfalfa hay on performance of weaned beef calves. PLoS ONE 2013, 8, e58188. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Mehdi, Y.; Clinquart, A.; Hornick, J.-L.; Cabaraux, J.-F.; Istasse, L.; Dufrasne, I. Meat composition and quality of young growing Belgian Blue bulls offered a fattening diet with selenium enriched cereals. Can. J. Anim. Sci. 2015, 95, 465–473. [Google Scholar] [CrossRef]

	



Weiss, W.P.; Hogan, J.S. Effect of selenium source on selenium status, neutrophil function, and response to intramammary endotoxin challenge of dairy cows. J. Dairy Sci. 2005, 88, 4366–4374. [Google Scholar] [CrossRef]

	



Hall, J.A.; Bobe, G.; Vorachek, W.R.; Kasper, K.; Traber, M.G.; Mosher, W.D.; Pirelli, G.J.; Gamroth, M. Effect of supranutritional organic selenium supplementation on postpartum blood micronutrients, antioxidants, metabolites, and inflammation biomarkers in selenium-replete dairy cows. Biol. Trace Elem. Res. 2014, 161, 272–287. [Google Scholar] [CrossRef] [PubMed]

	



Thompson, K.M.; Haibach, H.; Sunde, R.A. Growth and plasma triiodothyronine concentrations are modified by selenium deficiency and repletion in second-generation selenium-deficient rats. J. Nutr. 1995, 125, 864–873. [Google Scholar] [PubMed]

	



Beckett, G.J.; MacDougall, D.A.; Nicol, F.; Arthur, J.R. Inhibition of type I and type II iodothyronine deiodinase activity in rat liver, kidney and brain produced by selenium deficiency. Biochem. J. 1989, 259, 887–892. [Google Scholar] [CrossRef] [PubMed]

	



Hidiroglou, M.; Jenkins, K.J. Effects of selenium and vitamin E, and copper administrations on weight gains of beef cattle raised in selenium-deficient area. Can. J. Anim. Sci. 1975, 55, 307–313. [Google Scholar] [CrossRef]

	



Awadeh, F.T.; Kincaid, R.L.; Johnson, K.A. Effect of level and source of dietary selenium on concentrations of thyroid hormones and immunoglobulins in beef cows and calves. J. Anim. Sci. 1998, 76, 1204–1215. [Google Scholar] [PubMed]

	



Swecker, W.S., Jr.; Eversole, D.E.; Thatcher, C.D.; Blodgett, D.J.; Schurig, G.G.; Meldrum, J.B. Influence of supplemental selenium on humoral immune responses in weaned beef calves. Am. J. Vet. Res. 1989, 50, 1760–1763. [Google Scholar] [PubMed]

	



Wichtel, J.J.; Craigie, A.L.; Freeman, D.A.; Varela-Alvarez, H.; Williamson, N.B. Effect of selenium and iodine supplementation on growth rate and on thyroid and somatotropic function in dairy calves at pasture. J. Dairy Sci. 1996, 79, 1865–1872. [Google Scholar] [CrossRef]

	



Gleed, P.T.; Allen, W.M.; Mallinson, C.B.; Rowlands, G.J.; Sansom, B.F.; Vagg, M.J.; Caswell, R.D. Effects of selenium and copper supplementation on the growth of beef steers. Vet. Rec. 1983, 113, 388–392. [Google Scholar] [CrossRef] [PubMed]

	



Lawler, T.L.; Taylor, J.B.; Finley, J.W.; Caton, J.S. Effect of supranutritional and organically bound selenium on performance, carcass characteristics, and selenium distribution in finishing beef steers. J. Anim. Sci. 2004, 82, 1488–1493. [Google Scholar] [PubMed]

	



Netto, A.S.; Zanetti, M.A.; Del Claro, G.R.; Vilela, F.G.; de Melo, M.P.; Correa, L.B.; Pugine, S.M.P. Copper and selenium supplementation in the diet of Brangus steers on the nutritional characteristics of meat. Rev. Bras. Zootec. 2013, 42, 70–75. [Google Scholar] [CrossRef]

	



Rayman, M.P. Selenium and human health. Lancet 2012, 379, 1256–1268. [Google Scholar] [CrossRef]

	



Ahsan, U.; Kamran, Z.; Raza, I.; Ahmad, S.; Babar, W.; Riaz, M.H.; Iqbal, Z. Role of selenium in male reproduction—A review. Anim. Reprod. Sci. 2014, 146, 55–62. [Google Scholar] [CrossRef] [PubMed]

	



Maiorino, M.; Flohé, L.; Roveri, A.; Steinert, P.; Wissing, J.B.; Ursini, F. Selenium and reproduction. BioFactors 1999, 10, 251–256. [Google Scholar] [CrossRef] [PubMed]

	



Fairweather-Tait, S.J.; Collings, R.; Hurst, R. Selenium bioavailability: Current knowledge and future research requirements. Am. J. Clin. Nutr. 2010, 91, 1484S–1491S. [Google Scholar] [CrossRef] [PubMed]

	



Davis, C.D.; Tsuji, P.A.; Milner, J.A. Selenoproteins and cancer prevention. Annu. Rev. Nutr. 2012, 32, 73–95. [Google Scholar] [CrossRef] [PubMed]

	



Juniper, D.T.; Phipps, R.H.; Ramos-Morales, E.; Bertin, G. Effect of dietary supplementation with selenium-enriched yeast or sodium selenite on selenium tissue distribution and meat quality in beef cattle. J. Anim. Sci. 2008, 86, 3100–3109. [Google Scholar] [CrossRef] [PubMed]

	



Ceko, M.J.; Hummitzsch, K.; Hatzirodos, N.; Bonner, W.M.; Aitken, J.B.; Russell, D.L.; Lane, M.; Rodgers, R.J.; Harris, H.H. X-Ray fluorescence imaging and other analyses identify selenium and GPX1 as important in female reproductive function. Metallomics 2015, 7, 66–77. [Google Scholar]

	



Wu, X.; Yao, J.; Yang, Z.; Yue, W.; Ren, Y.; Zhang, C.; Liu, X.; Wang, H.; Zhao, X.; Yuan, S.; et al. Improved fetal hair follicle development by maternal supplement of selenium at nano size (Nano-Se). Livest. Sci. 2011, 142, 270–275. [Google Scholar] [CrossRef]

	



Wilde, D. Influence of macro and micro minerals in the peri-parturient period on fertility in dairy cattle. Anim. Reprod. Sci. 2006, 96, 240–249. [Google Scholar] [CrossRef] [PubMed]

	



Kommisrud, E.; Østerå, O.; Vatn, T. Blood selenium associated with health and fertility in Norwegian dairy herds. Acta Vet. Scand. 2005, 46, 229–240. [Google Scholar] [CrossRef] [PubMed]

	



Guyot, H.; Saegerman, C.; Lebreton, P.; Sandersen, C.; Rollin, F. Epidemiology of trace elements deficiencies in Belgian beef and dairy cattle herds. J. Trace Elem. Med. Biol. 2009, 23, 116–123. [Google Scholar] [CrossRef] [PubMed]

	



Salman, S.; Khol-Parisini, A.; Schafft, H.; Lahrssen-Wiederholt, M.; Hulan, H.W.; Dinse, D.; Zentek, J. The role of dietary selenium in bovine mammary gland health and immune function. Anim. Health Res. Rev. 2009, 10, 21–34. [Google Scholar] [CrossRef] [PubMed]

	



Finch, J.M.; Turner, R.J. Effects of selenium and vitamin E on the immune responses of domestic animals. Res. Vet. Sci. 1996, 60, 97–106. [Google Scholar] [CrossRef]

	



Latorre, A.O.; Greghi, G.F.; Netto, A.S.; Fukumasu, H.; Balieiro, J.C.; Côrrea, L.B.; Zanetti, M.A. Selenium and vitamin E enriched diet increases NK cell cytotoxicity in cattle. Pesqui. Vet. Bras. 2014, 34, 1141–1145. [Google Scholar] [CrossRef]

	



Kamada, H.; Nonaka, I.; Ueda, Y.; Murai, M. Selenium addition to colostrum increases immunoglobulin G absorption by newborn calves. J. Dairy Sci. 2007, 90, 5665–5670. [Google Scholar] [CrossRef] [PubMed]

	



Abuelo, T.; Pérez-Santos, M.; Hernández, J.; Castillo, C. Effect of colostrum redox balance on the oxidative status of calves during the first 3 months of life and the relationship with passive immune acquisition. Vet. J. 2014, 199, 295–299. [Google Scholar] [CrossRef] [PubMed]

	



Abuelo, A.; Alves-Nores, V.; Hernandez, J.; Muiño, R.; Benedito, J.L.; Castillo, C. Effect of parenteral antioxidant supplementation during the dry period on postpartum glucose tolerance in dairy cows. J. Vet. Intern. Med. 2016. [Google Scholar] [CrossRef] [PubMed]

	



Nair, M.P.N.; Schwartz, S.A. Immunoregulation of natural and lymphokine-activated killer cells by selenium. Immunopharmacology 1990, 19, 177–183. [Google Scholar] [CrossRef]

	



Rizzo, A.; Pantaleo, M.; Mutinati, M.; Minoia, G.; Trisolini, C.; Ceci, E.; Sciorsci, R.L. Blood and milk oxidative status after administration of different antioxidants during early postpartum in dairy cows. Res.Vet. Sci. 2013, 95, 1171–1174. [Google Scholar] [CrossRef] [PubMed]

	



Lyons, M.P.; Papazyan, T.T.; Surai, P.F. Selenium in food chain and animal nutrition: Lessons from nature—Review. Asian Australas. J. Anim. Sci. 2007, 20, 1135–1155. [Google Scholar] [CrossRef]

	



Galbraith, M.L.; Vorachek, W.R.; Estill, C.T.; Whanger, P.D.; Bobe, G.; Davis, T.Z.; Hall, J.A. Rumen microorganisms decrease bioavailability of inorganic selenium supplements. Biol. Trace Elem. Res. 2015. [Google Scholar] [CrossRef] [PubMed]

	



Burk, R.F.; Hill, K.E. Regulation of selenium metabolism and transport. Annu. Rev. Nutr. 2015, 35, 109–134. [Google Scholar] [CrossRef] [PubMed]

	



Behne, D.; Kyriakopoulos, A.; Scheid, S.; Gessner, H. Effects of chemical form and dosage on the incorporation of selenium into tissue proteins in rats. J. Nutr. 1991, 121, 806–814. [Google Scholar] [PubMed]

	



Combs, G.F. Biomarkers of selenium status. Nutrients 2015, 7, 2209–2236. [Google Scholar] [CrossRef] [PubMed]

	



Kieliszek, M.; Błażejak, S.; Gientka, I.; Bzducha-Wróbel, A. Accumulation and metabolism of selenium by yeast cells. Appl. Microbiol. Biotechnol. 2015, 99, 5373–5382. [Google Scholar] [CrossRef] [PubMed]

	



Bermingham, E.N.; Hesketh, J.E.; Sinclair, B.R.; Koolaard, J.P.; Roy, N.C. Selenium-enriched foods are more effective at increasing glutathione peroxidase (GPx) activity compared with selenomethionine: A meta-analysis. Nutrients 2014, 6, 4002–4031. [Google Scholar] [CrossRef] [PubMed]

	



Dermauw, V.; Lopéz Alonso, M.; Duchateau, L.; Du Laing, G.; Tolosa, T.; Dierenfeld, E.; Clauss, M.; Janssens, G.P.J. Trace element distribution in selected edible tissues of zebu (Bos indicus) cattle slaughtered at Jimma, SW Ethiopia. PLoS ONE 2014, 9, e85300. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Herdt, T.H.; Rumbeiha, W.; Braselton, W.E. The use of blood analyses to evaluate mineral status in livestock. Vet. Clin. N. Am. Food Anim. Pract. 2000, 16, 423–444. [Google Scholar] [CrossRef]

	



Patterson, B.H.; Levander, O.A.; Helzlsouer, K.; McAdam, P.A.; Lewis, S.A.; Taylor, P.R.; Veillon, C.; Zech, L.A. Human selenite metabolism: A kinetic model. Am. J. Physiol. 1989, 257, R556–R567. [Google Scholar] [PubMed]

	



Archer, J.A.; Judson, G.J. Selenium concentrations in tissues of sheep given a subcutaneous injection of barium selenate or sodium selenate. Aust. J. Exp. Agric. 1994, 34, 581–588. [Google Scholar] [CrossRef]

	



Jo, C.; Ahn, D.U. Fluorometric analysis of 2-thiobarbituric acid reactive substances in turkey. Poult. Sci. 1998, 77, 475–480. [Google Scholar] [CrossRef] [PubMed]

	



Sun, Q.; Senecal, A.; Chinachoti, P.; Faustman, C. Effect of water activity on lipid oxidation and protein solubility in freeze-dried beef during storage. J. Food Sci. 2002, 67, 2512–2516. [Google Scholar] [CrossRef]

	



Joksimović-Todorović, M.; Davidović, V.; Sretenović, L. The effect of diet selenium supplement on meat quality. Biotechnol. Anim. Husb. 2012, 28, 553–561. [Google Scholar] [CrossRef]

	



Netto, A.S.; Zanetti, M.A.; Claro, G.R.; de Melo, M.P.; Vilela, F.G.; Correa, L.B. Effects of copper and selenium supplementation on performance and lipid metabolism in confined brangus bulls. Asian Australas. J. Anim. Sci. 2014, 27, 488–494. [Google Scholar] [CrossRef] [PubMed]

	



Papp, L.V.; Holmgren, A.; Khanna, K.K. Selenium and selenoproteins in health and disease. Antioxid. Redox Signal. 2010, 12, 793–795. [Google Scholar] [CrossRef] [PubMed]

	



Khan, M.I.; Min, J.S.; Lee, S.O.; Yim, D.G.; Seol, K.H.; Lee, M.; Jo, C. Cooking, storage, and reheating effect on the formation of cholesterol oxidation products in processed meat products. Lipids Health Dis. 2015, 14. [Google Scholar] [CrossRef] [PubMed]

	



Taylor, J.B.; Marchello, M.J.; Finley, J.W.; Neville, T.L.; Combs, G.F.; Caton, J.S. Nutritive value and display-life attributes of selenium-enriched beef-muscle foods. J. Food Compos. Anal. 2008, 21, 183–186. [Google Scholar] [CrossRef]

	



Cozzi, G.; Prevedello, P.; Stefani, A.L.; Piron, A.; Contiero, B.; Lante, A.; Gottardo, F.; Chevaux, E. Effect of dietary supplementation with different sources of selenium on growth response, selenium blood levels and meat quality of intensively finished Charolais young bulls. Animal 2011, 5, 1531–1538. [Google Scholar] [CrossRef] [PubMed]

	



Dokoupilová, A.; Marounek, M.; Skřivanová, V.; Bŕezina, P. Selenium content in tissues and meat quality in rabbits fed selenium yeast. Czech J. Anim. Sci. 2007, 52, 165–169. [Google Scholar]

	



Zhan, X.; Wang, M.; Zhao, R.; Li, W.; Xu, Z. Effects of different selenium source on selenium distribution, loin quality and antioxidant status in finishing pigs. J. Sci. Food Agric. 2007, 132, 202–211. [Google Scholar] [CrossRef]

	



Svoboda, M.; Saláková, A.; Fajt, Z.; Ficek, R.; Buchtová, H.; Drábek, J. Selenium from Se-enriched lactic acid bacteria as a new Se source for growing-finishing pigs. Pol. J. Vet. Sci. 2009, 12, 355–361. [Google Scholar] [PubMed]





© 2016 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons by Attribution (CC-BY) license ( http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  molecules-21-00545


  
    		
      molecules-21-00545
    


  




  





