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Abstract

Trace minerals (TM) have a crucial role in cattle reproduction. Although microelements are required in small amounts, their bioavailability is essential for the cow reproductive physiology, and for adequate fertility and productivity. They are particularly important for antioxidant protection against cellular damage (e.g. gametes and embryonic cells), hormone synthesis, and pregnancy maintenance. Oral TM supplementation is a common and highly recommended management practice in cattle operations. However, there is substantial variability in TM bioavailability in animals receiving oral TM supplementation. The strategic use of injectable TM supplementation (without replacing traditional oral TM supplements) before episodes of marked stress (e.g. parturition), higher metabolic demand with TM depletion (e.g. last trimester of pregnancy), active immune response (e.g. uterine involution or vaccination), and before breeding helps to maintain adequate TM and oxidative status during critical points of the reproductive program. This manuscript reviews the research-based evidence regarding the effects of TM supplementation on bovine reproduction and its impact on beef and dairy cattle reproductive performance.
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Introduction

Reproductive efficiency is essential to achieve the productive goals in dairy and beef cow-calf operations. Multiple factors such as subnutrition, stress, poor management of periparturient cows, along with inadequate breeding programs (e.g. failure of heat detection, inefficient artificial insemination [AI], and bull subfertility) are associated with low reproductive performance. Therefore, a successful reproductive program should be supported by the application of management practices directed to: 1. provide adequate nutrition; 2. minimize stress and control oxidative imbalance; 3. apply adequate breeding management tools represented by effective ovulation synchronization protocols and AI technique, and/or the use of reproductively sound bulls; 4. reduce the exposure to pathogens; and 5. generate protective immunity through vaccination against main pathogens that cause infertility.

Nutritional management of transition cows, comprising adequate supply of energy, protein, minerals, and vitamins, is one of the pillars to achieve adequate reproductive performance in cattle operations.1 Reproductive function and particularly resumption of ovarian cyclicity and maintenance of pregnancy are lower-level priorities for nutrient distribution in cattle. Maintenance and lactation represent the main priorities for the use of carbohydrates, proteins, fatty acids, minerals and vitamins in the lactating cow. Moreover, energy and protein demands increase substantially after parturition; therefore, they are commonly the focus of any nutritional plan.1 Nonetheless, the importance of mineral and vitamin supplementation on reproductive function and performance is commonly overlooked.

Mineral status and particularly trace minerals (TM; copper [Cu], zinc [Zn], selenium [Se], and manganese [Mn]) have important roles in cattle reproductive function and therefore in herd fertility. Although these elements are required in small amounts, their bioavailability is essential for many physiological processes, including several metabolic pathways, antioxidant protection against cellular damage, signal transduction, nucleic acid replication and transcription, among others.2,3 Additionally, TM have specific functions in oocyte health, hormone production, fertilization, embryo and fetal development, and uterine environment to support pregnancy, parturition, and uterine involution.4-8 Thus, appropriate TM supplementation is crucial for the achievement of optimal reproductive performance in beef and dairy cattle.

Several factors affect the TM status and requirements of cattle, including: the mineral composition of feedstuffs, forages, and soils; pregnancy and production stage; dry matter intake; the source TM formulations; and the presence of antagonists in water, forages and feed.9 Assessment of the herd’s TM status is a critical point of control before supplementing TM to attempt covering the needs for health and reproduction. Supplementation with TM may be provided by free-choice oral mix, salt blocks, drench, rumen boluses, and injectable formulations that vary in their TM bioavailability and absorption. Research evidence supports the strategic TM supplementation (combining both oral and injectable TM) as a promising aid to improve cattle reproductive performance.10-15 However, other studies had no benefits of TM supplementation on cattle fertility.16,17 This may be attributed to differences in baseline diets and TM formulations, TM deficit, animal type, and experimental designs, among others. This article summarizes the effects of TM supplementation on reproductive function in the bovine female and the impacts on dairy and beef cattle reproductive efficiency. Such effects will be discussed from a clinical theriogenology standpoint, based on clinically relevant aspects of reproductive physiology, pathology, and applied biotechnology.

Role of trace minerals in immunity and reproductive health of cattle

Various reproductive pathways, including uterine involution,18,19 ovulation and CL development,20 embryo-maternal interactions,21 and vaginal-uterine mucosal defenses,22 rely on the effective function of both branches of the immune system, namely, the innate and adaptive immunity.

A compromised immune response can have detrimental effects on reproductive function, including postpartum complications and delayed uterine regeneration, late resumption of ovarian cyclicity, failure of fertilization, and pregnancy loss.23,24 It is well documented that TM (Cu, Se, Zn, and Mn) have a direct role in mucosal integrity and immunity, neutrophil and macrophage migration, phagocytosis and bacteria killing, antibody production, and cell mediated immunity.25 Hence, maintaining an optimal balance of TM that supports a robust immunity is crucial for proper function of a healthy reproductive system.

Furthermore, prevalent reproductive disorders affecting dairy cattle productivity, such as retention of fetal membranes (RFM), puerperal metritis, endometritis, and ovarian cysts, along with other health issues like lameness and mastitis that indirectly affect cattle reproduction, are linked to oxidative stress.23,24,26 This condition is defined as an imbalance in the generation and neutralization of prooxidant substances, specifically reactive oxygen species (ROS). These free radicals are normal byproducts of cellular oxidative metabolism and form when 1 atom of any molecule loses or gains 1 electron, making them unstable and extremely reactive with organic molecules like lipids.27 The extent of the impact of oxidative stress on cow reproduction remains unclear. The excessive amount of these free radicals induces notable cell damage through lipid cell membrane peroxidation,26,28 a process particularly impactful on leukocytes, gametes, and embryonic cells.8 Consequently, the immune and reproductive functions are compromised during oxidative stress, resulting in increased susceptibility to diseases (e.g. mastitis, metritis, endometritis) and subfertility.26,29,30 Antioxidants exert influence on the reproductive system in several ways. Particularly, Cu, Zn, Se, and Mn serve as integral components of enzymes responsible for ROS neutralization such as superoxide dismutase and glutathione peroxidase.31-33 These structural and functional roles help mitigate the adverse impacts of stress on both the immune system and the reproductive function (Figure 1).

Figure 1.Role of trace minerals (Se, Cu, Zn, and Mn) as antioxidants in cattle

[image: CT-16-10529-F1.jpg]

Zinc has an essential role as a structural element in the antioxidant enzyme superoxide dismutase (Zn-SOD), responsible for converting superoxide radicals into hydrogen peroxide.34 preventing extensive cell membrane and DNA damage. Additionally, Zn has a crucial function in tissues that require active cell mitosis such as lymphoid tissue, and mucous membranes. Therefore, Zn contributes to integrity and healing of the epithelial lining of the endometrium and the mammary gland, particularly important during postpartum uterine involution and prevention of mastitis in dairy cows, respectively,35 due to its involvement in regulatory processes of constant regeneration.36,37 Its ability to affect endometrial cells proliferation and remodeling may be based on its direct function during nucleic acid replication, transcription, and translation.38 Zinc is also essential for lymphocyte proliferation and differentiation before acquiring effector functions (Figure 2).39,40,41 Additionally, Zn influences the function of macrophages by impacting toll-like receptor-triggered proinflammatory and type I interferon responses and nitric oxide synthesis.34,42,43

Figure 2.Role of trace minerals (Se, Cu, Zn, and Mn) in bovine immunity and reproductive health
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Copper has a vital role in mitochondrial energy production and various enzymatic reactions crucial for basal metabolism.40 Similar to Zn, it is integral to structure and function of the enzyme superoxide dismutase (Cu-SOD; Figure 1). This is essential for regulating the production of free radicals by phagocytic cells to exert their bacterial-killing function in the uterine lumen (Figure 2). Additionally, this enzyme has a key role in mitigating oxidative stress by scavenging excess superoxide radicals, avoiding their accumulation and thereby preventing damage to cell membranes. Furthermore, ceruloplasmin, a copper-containing acute-phase protein, has antiinflammatory properties.44

Selenium has a major role in migration of polymorphonuclear phagocytes from the blood stream into tissues and subsequent inflammation, via E-selectin and ICAM-1 molecules.45 This is particularly important to control mammary gland and uterine inflammation during the early postpartum period (Figure 2). Additionally, Se functions as a fundamental component of the enzyme glutathione peroxidase; this enzyme contributes to reduction in hydrogen peroxide (H2O2) by producing H2O and O2, and preventing harmful effects to white blood cells (Figure 1). Both Se and glutathione peroxidase are crucial for normal detachment and expulsion of fetal membranes, uterine involution, and prevention of metritis and mastitis in cattle.46

Manganese has a role as a component in numerous enzymes participating in diverse metabolic pathways, including arginase, pyruvate carboxylase, and superoxide dismutase. Although evidence of manganese’s function in the immune response is somewhat limited, it serves as a structural component in the Mn-SOD enzyme, also crucial in neutralizing ROS produced by phagocytic cells (Figure 1).2

Role of trace minerals in cow’s reproductive function

Trace minerals including Zn, Se, Cu, and Mn are involved in several reproductive functions including granulosa cell proliferation and steroidogenesis,47 corpus luteum (CL) function,48 oocyte quality,49-52 embryo development51,53 and implantation, production of interferon tau, fetal development and organogenesis,54 placentation, oxygen transportation, parturition, and uterine involution (Figure 3).55

Figure 3.Role of trace minerals (Se, Cu, Zn, and Mn) in cattle reproductive functions
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Zinc governs appetite through the central nervous system, influencing dry matter intake, energy balance, and accumulation of fat reserves that are fundamental for resumption of postpartum ovarian cyclicity. As previously stated, Zn serves as an essential element in enzymes and transcription factors, contributing catalytic, structural, and regulatory functions.56 Therefore, Zn is a substantial factor for the basal metabolism.

Zinc is an important element affecting pregnancy rate in cattle57 due to its direct effects on hormone secretion and function (e.g. progesterone, insulin, PGF2α, among others), oocyte, and embryo viability58 and fetal development,59 contributing to maintain a viable pregnancy. Zinc also modulates IGF-1 secretion, bioavailability, and function.8,60,61 This growth factor is involved in key reproductive functions including uterine involution, embryo implantation, and fetal development.8 Zinc is critical for endometrium remodeling due to its action in nucleic acid replication, transcription, and translation during cell division. Zinc fingers are essential to binding of estrogens- and progesterone-receptor complexes to DNA to exert their actions.62 The antioxidant properties of Zn as structural part of the Zn-SOD enzyme have a relevant role in protecting oocytes and embryonic cells from oxidative damage by superoxide free radicals.63 Zinc also affects fetal growth and pregnancy due to its involvement in the metabolism of calcified bone matrix.59

A recent discovery about involvement of Zn in oocyte activation and early embryo development is a sequence of Zn exocytic events upon fertilization, known as ‘zinc spark,’ which leads to a reduction in the total amount of intracellular Zn that is necessary and sufficient to induce oocyte activation. Moreover, this Zn release has a role in preventing polyspermy by modifying zona pellucida. This is a remarkably conserved event across various mammalian species including cattle. In humans, it is being studied as a promising biomarker associated with embryo quality.64,65

Cows with adequate CL function, higher progesterone concentrations and pregnant status had higher Zn and Cu concentrations and SOD, GPX antioxidant capacity at TAI than cows with abnormal luteal phase length, delayed ovulation, and pregnancy failure.57 There was a clear association between concentrations of antioxidant and Cu and Zn, and both CL function and fertility.57

Copper serves as a component in a variety of crucial metallo-enzymes and contributes to various physiologic pathways essential for reproduction, such as cellular respiration and mitochondrial energy production (e.g. via cytochrome oxidase), regulation of inflammation (e.g. ceruloplasmin), and antioxidant system (e.g. Cu-SOD). Copper exerts its influence to enhance pregnancy maintenance in cattle by affecting various reproductive processes, including enhancing oocyte viability and embryogenesis.49,51,52,55 Additionally, Cu targets several other cell types such as endometrial cells, luteal cells, and cumulus cells that have substantial impact on early stages of embryogenesis.55 Copper has a direct involvement in fetal development, particularly due to its participation in the immune system, bone and connective tissue formation, cardiac function, keratinization, and spinal cord myelination.32 Fetal demands of Cu especially increase during the last trimester of pregnancy, when there is the most substantial fetal development.55

Selenium is critical for the proper function of numerous seleno-proteins (glutathione peroxidase, iodothyronine deiodinase, and thioredoxin reductase). By contributing to these enzymes, Se participates in neutralizing peroxides produced during lipid peroxidation.33,66 Consequently, Se has a crucial function in maintaining the integrity of cell membranes and organelles. Through this mechanism, Se protects oocyte, early embryo, and fetus from mortality caused by oxidative damage.

Employing x-ray fluorescence imaging, a study determined Se concentrates in large ovarian follicles’ granulosa cells in cattle.67 Additionally, the study indicated a significant increase in the expression of the selenoprotein gene GPx-1 in granulosa cells of the large healthy follicles. This particular positioning of Se in large follicles, coupled with its recognized role in antioxidant defense, implies a potential role in protecting oocyte from oxidative stress and cell damage throughout follicular development. Additionally, Se directly influences granulosa cells, promoting their proliferation and enhancing estradiol synthesis,47 which is essential for oocyte maturation and LH surge, and ovulation. Therefore, Se has a dual role, stimulating folliculogenesis and estradiol secretion and shielding oocyte and embryo from cell damage due to its antioxidant function. Supplementation of selenium in dairy cows was associated with a healthy postpartum period, normal fetal membrane expulsion and greater pregnancy outcomes.28,68 Moreover, Se supplementation has been associated to a potential decrease in the occurrence of postpartum metritis and ovarian cysts.35 A strong correlation in Se concentrations between maternal and fetal liver was demonstrated69 suggesting an efficient Se transfer from maternal circulation via placenta for supplying the higher fetal demands.

Manganese has a vital function in embryo development.50,53,70 Bovine cumulus oocyte complexes (COCs) and preimplantation embryos actively transcribe and express Mn-SOD.70 This enzyme promotes cellular differentiation and embryo viability via antioxidant protection against cell damage. Manganese might contribute to CL function, given that concentrations of Mn and Mn-SOD in the CL of ewes increased between 4 and 11 days.71 Therefore, it is conceivable that Mn promotes pregnancy by enhancing progesterone secretion by the CL. Additionally, a study reported improved pregnancy rates in cattle following dietary Mn supplementation.72 However, precise mechanisms underlying the positive impacts of Mn on reproductive performance remain unclear. A potential explanation is that manganese’s involvement in cholesterol production could govern steroidogenesis throughout pregnancy.73 Cholesterol is essential for synthesizing steroid hormones like progesterone that has a central role in maintaining an adequate uterine environment for embryo implantation and pregnancy. Suboptimal progesterone concentrations have been implicated as a potential factor in early embryonic loss.74 Manganese also has a pivotal role in the formation of fetal bones during organogenesis, since it is crucial for the synthesis of chondroitin sulfate, a component of mucopolysaccharides within the organic bone matrix.75 A study that investigated the impact of dietary Mn on the growth and reproductive performance of beef heifers suggested that 15.8 mg of Mn/kg of diet dry matter is deemed sufficient for supporting growth, cyclicity, and conception of beef heifers.76 However, another report indicated that this diet may be inadequate for optimal fetal development in pregnant heifers, resulting in fetal structural deformities.77,78

Trace mineral status and requirements in cattle

Before defining a TM supplementation regime, it is highly recommended to determine the herd TM status, as well as the mineral content of forages and feedstuffs the animals will consume. This will help to determine the baselines to ensure that supplements provide optimal amounts of TM for animal production, health, and reproduction. This TM assessment is also important for preventing Se toxicity in some areas where Se concentrations in soil and forages are high, so that additional Se supplementation may not be needed.

The best indicator of the TM status in cattle is the hepatic concentration. Liver serves as the storage site, where TM are integrated into enzymes and released as needed. To determine the TM concentrations in liver, it is necessary to collect a liver biopsy sample. Liver biopsies (~ 10 mg of liver tissue) are collected after local anesthesia in the 10th intercostal space (right side) using a sterile biopsy needle (14 G x 4 or 6”). Blood concentrations of TM may exhibit variability, inconsistency, and have limited predictive value. However, blood Se is very stable and is a useful tool to promptly diagnose Se toxicity (> 2.5 µg/ml). Copper concentrations in liver samples should exceed 75-90 ppm,79 within a range of 50-600 μg/g on a dry matter basis.80 A marginal deficiency of manganese (Mn) is indicated when liver concentrations are below 9 ppm, within a range of 5-15 μg/g.80 Adequate selenium (Se) concentrations in the liver are between 0.8-1.0 ppm, with a range of 0.7-2.5 μg/g and concentrations below 0.2 ppm are deemed critically deficient.79 For Zn, hepatic concentrations below 80-100 ppm are considered marginal or deficient,79 with a range of 90-400 μg/g.80 The TM status of cattle is influenced by various factors, encompassing the mineral composition of soils, forages, and feedstuffs, high variability in mineral intake, the existence of mineral antagonists in water, forages, and feedstuffs, and fluctuating TM requirements.

The TM requirements have been instituted as the principles that define animal necessities, and help assess the formulation of TM supplementation. These requirements are derived from research findings reported established by the National Academies of Sciences, Engineering, and Medicine (NASEM, 2016), Board on Agriculture Subcommittee on Beef Cattle Nutrition.81 These TM requirements are not a ‘one-size-fits-all’ parameter, as they vary considerably and are affected by factors such as breed, physiological status (e.g. lactation and pregnancy), health status, environmental conditions, management practices, and level of stress. A rule of thumb for adequate nutritional management is to plan the TM supplementation regime based on information of TM requirements, status, and content in forage, feedstuffs, and soil.

A comprehensive study regarding the TM composition of forage samples collected from cow/calf operations across 18 states in the US indicated TM deficiencies in a substantial number of the samples.79 Merely 2.5% of the forage samples exhibited adequate Zn concentrations. Copper concentrations were deemed sufficient in 36% of the samples.79 Moreover, 50% of the samples were considered marginally deficient in copper, with 14% classified as critically deficient. Another report, encompassing 23 states in the US, yielded comparable findings of TM deficiencies. In Midwest US, only 4, 15, and 26% of fescue samples had adequate concentrations of Se, Zn, Cu, respectively.82 Additionally, 18, 24, and 24% of native forage samples exhibited adequacy in Cu, Se, and Zn, respectively.82 Notably, in both surveys, a substantial proportion of the samples had elevated or marginally high concentrations of iron (Fe), molybdenum (Mo), and sulfur (S).79,82 The observed Cu deficiency in the tested forage samples is likely linked to antagonistic effects of Fe, Mo, and S that impede copper absorption through gastrointestinal tract. These antagonistic interactions could contribute to insufficient availability of Cu in the diet, further highlighting the complexity of TM dynamics in forage and its impact on cattle nutrition.

Based on the authors’ experience, the observed variability in TM requirements and the difficulties to maintain an adequate herd TM status make it indispensable to establish a ‘strategic TM supplementation plan’ that supports herd’s health and reproductive performance. This plan needs to be specifically adapted to each particular production system and should combine permanent traditional free-choice oral supplementation plus pulse-dose TM injections during critical points of the production system when TM demands are greater (e.g. 30 days before parturition and 30 days before breeding).

Trace mineral deficiencies on cattle health and reproduction

Deficiencies in TM have a gradual impact, progressively affecting various physiological and metabolic functions with multifaceted implications for overall health, reproduction, and performance. Commonly, the lack of specific clinical signs makes TM deficiency easily overlooked, with borderline concentrations possibly continuing to decrease, affecting first reproductive function, embryo viability, and immune response. This results in low reproductive performance (e.g. high incidence of early embryonic mortality) and increased susceptibility to health disorders, such as lameness, metritis, and mastitis (Figure 4).

Figure 4.Effects of trace mineral deficiencies on cow production and reproduction
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Overall, TM deficiency impairs the immune response by affecting neutrophil and macrophage migration, phagocytic function, and killing activity, as well as the mechanisms of mucous membranes integrity. TM deficiency also affects lymphocyte activation, proliferation, and differentiation, cytokine secretion, and antibody production.44,83,84

When TM concentrations decrease to a severe extent, clinical deficiencies can manifest with distinct clinical signs, such as increased incidence of RFM and muscle degeneration, both associated with severe Se deficiency. Regularly assessing herd’s mineral profile and animals’ TM intake is crucial to identify and address their specific TM needs.

Zn deficiency is associated with various conditions including anorexia, reduced IGF-1 concentrations, CL insufficiency, low progesterone concentrations, higher risk of abortion, fetal teratogenesis, prolonged pregnancy, calving difficulties, fetal growth retardation, low birth weight, weak offspring, skin parakeratosis, and neonatal calf diarrhea (Figures 4 and 5).85,86

Figure 5.Effects of trace mineral deficiencies on calves’ health and performance
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Deficiencies of Cu in cattle may occur due to low dietary intake or consumption of antagonists (e.g. Mo, Fe, and S), and are associated with low pregnancy rate, embryonic and fetal death, anestrus and repeat breeding, stillbirth, immunosuppression, and poor calf health and performance (mainly diarrhea, growth retardation, and mortality).85

Reproductive disorders related to Se deficiency encompass low fertility87 and abortion occurrences.88,89 Low concentrations of Se and glutathione peroxidase (GSHPx) in plasma have been associated with a higher incidence of RFM (Figure 4).46 Further studies supported this, revealing that animals supplemented with Se experienced none or few cases of RFM, whereas the control group receiving a Se deficient basal diet had a RFM incidence between 17 and 32%.90-92 Moreover, Se deficiency has also been identified as a factor that increases the likelihood of puerperal metritis in dairy cattle.28,93 As mentioned above, Se deficient calves may have muscular degeneration known as nutritional muscular dystrophy or white muscle disease (Figure 5) that results in heart degeneration and death, the predominant pathology in neonatal calves. Marginally Se deficient calves may have weakness and low vigor.

Insufficient Mn leads to suboptimal growth and compromised reproduction, characterized by impaired ovulation, silent estrus, diminished conception rates, occurrences of abortions, and decreased birth weight.94 A deficiency in dietary manganese generally manifests with relatively mild effects on immunity, except for a notable impact on the humoral immune response.95 Manganese deficiency has been linked to adverse outcomes such as abortion and congenital deformities in long bones among newborn calves. These deformities include enlarged joints, stiffness, twisted legs, shorter bones, dwarfism, brachygnathism, chondrodysplasia, and overall physical weakness after birth.77,78,96,97

A retrospective study to determine the association between plasma TM (Cu, Zn, and Se glutathione peroxidase) status on reproductive performance and health of commercial dairy and beef herds (n = 2,080) in France revealed that Cu, Zn, and Se deficiencies may be important risk factors for impaired production, reproduction, and health in both beef and dairy herds.85 Copper deficiency had negative effects on health and performance of calves and cows, whereas, Zn and Se deficiencies substantially affected adults. Selenium deficient status was associated with increased risk of infectious abortion, poor immune response, and higher calf morbidity and mortality. Zinc deficiency was highly correlated with low milk yield and lameness in dairy herds, as well as neonatal calf diarrhea and poor growth. Further, in that study, Se deficiency in cows was associated with increased incidence of RFM.85

Oral trace minerals supplementation: effects on cows’ reproductive performance

Oral mineral supplements can be provided in various forms, including free-choice blends of mineralized salt, blocks, or alongside energy and/or protein supplements within the total mixed ration. There are various TM sources for cattle supplementation, categorized into organic or inorganic compositions. Organic sources, including chelates, amino acid or polysaccharide complexes, proteinates, propionates, and yeast derivatives, are more biologically available for absorption and utilization. This makes them particularly advantageous for improving health and reproductive performance compared to inorganic forms,98,99 such as sulfates, oxides, carbonates, and chlorides that are structured with sulfur, oxygen, or chloride molecules. Sulfate forms of Zn, Cu, and Mn are the most bioavailable inorganic sources. Although inorganic TM may prevent severe deficiencies, supplementation with organic forms such as Se yeast could offer additional benefits by providing enhanced TM status and antioxidant activity during periods of heightened stress, such as after parturition.

Over the past decades, numerous studies have highlighted the value of oral TM supplementation in enhancing reproductive function and efficiency in cows.98-100

A recent meta-analysis considering 20 research articles assessed the impacts of organic TM supplementation on milk yield and composition, and reproductive performance in dairy cows.100 The results indicated that organic TM supplementation increased daily milk production, milk fat, and milk protein, with no effects on milk somatic cell count. Organic TM supplementation reduced days open, number of services per conception, and increased the risk of pregnancy on day 150 of lactation. This study suggested that organic TM supplementation could enhance production and reproduction in lactating dairy cows.100 Other researchers have reported similar improvements in conception rates and days to first service in dairy cows when substituting inorganic sulfates with organic sources of Cu, Zn, Mn, and Co, although the precise mode of action remains unclear.99 An additional effect of TM supplementation (particularly the use of organic forms) on dairy herds is the reduction in the occurrence of clinical mastitis, somatic cell counts,35 and increase in milk yield.101

Another study was performed using crossbred, multiparous grazing beef cows to assess the impacts of Cu, Zn, and Mn supplementation and the mineral source on reproduction and performance over a 2-year period.102 The cows received either organic (50% organic and 50% inorganic Cu, Zn, and Mn); inorganic (100% inorganic CuSO4, ZnSO4, and MnSO4) or no supplemental Cu, Zn, or Mn from 82 days (year 1) and 81 days (year 2) before calving through 110 days (year 1) and 135 days (year 2) after calving. In year 1, pregnancy rate to AI in control cows did not differ from supplemented cows, but there was a trend for higher pregnancy rate in organic compared to inorganic TM supplementation cows. In year 2, supplemented cows had a higher pregnancy rate to AI than controls. In both years, when animals were inseminated after observed estrus, supplemented cows had a higher pregnancy rate than controls. Overall, 60-day pregnancy rate tended to be higher for supplemented cows. This study indicated that TM supplementation and the TM source can improve the pregnancy rate to AI.102

Contrasting findings have emerged from other studies, indicating marginal or negligible benefits of oral TM supplementation on reproduction of dairy103 and beef cattle.104–106 Effects of organic or inorganic TM supplementation on ovarian follicular dynamics, ovulation, and embryo production in Angus heifers submitted to hormonal protocols for superovulation were determined.106 In that study, dietary TM supplementation had no influence on the number of ova/embryos recovered from beef heifers or the CL counts, indicating no difference between control, organic or inorganic TM supplementation.106 This suggested that the source of TM supplementation did not produce a substantial impact on the number or quality of embryos in Angus heifers and it is unlikely to have a direct impact on follicular dynamics and ovulation.106 However, it is important to notice in that study that TM supplementation tended to reduce the number of degenerated embryos and unfertilized ova, supporting the role of TM on enhancing fertilization and embryo quality.106

The inconsistency in results across studies on TM supplementation can be attributed to various factors, including differences in the forms of minerals supplemented (organic versus inorganic), high variability in TM concentration in control diets, variations in animals’ TM requirements and initial TM status, differences in intake and absorption, negative mineral interactions and antagonisms, varying levels of stress, and discrepancies in experimental models and endpoints. These diverse factors make the interpretation and comparison of data from several studies particularly challenging.

Strategic injectable trace minerals supplementation on reproductive performance

As mentioned above, offering TM through free-choice oral supplementation may often result in TM deficiencies due to considerable variability in mineral composition and intake, binding of minerals to undigested feed particles, negative interactions and diminished absorption in the digestive tract, and antagonistic effects.

There is a rising trend in cattle operations to adopt strategic extra supplementation using single treatment, pulse-dose trace mineral products. Whether given orally or through injections, this approach aims to prevent TM deficiencies or enhance the overall TM status. It ensures that the necessary TM amounts are provided during crucial stages of the production cycle when animals experience heightened TM demands. Good examples of such critical times may be: 1. the last trimester of pregnancy, when there is substantial TM transfer from the dam to the fetus due to increased fetal growth and its TM demand; and 2. at parturition, which is accompanied by substantial oxidative stress and a decrease in plasma Zn concentrations,107,108 or before the breeding season in preparation for the upcoming reproductive cycle and pregnancy. It is important to note that although this strategic supplementation is valuable, it is not meant to replace the regular supply of oral minerals.

Injectable TM (ITM) treatment in Angus-cross steers with sufficient TM status led to a quicker and more substantial increase in plasma concentrations of Zn, Se, and Mn through the first 24 hours, compared to other single-dose supplementation methods including drench, paste, or boluses.109 Additionally, hepatic Se concentrations remained higher through day 29 in steers treated with ITM in comparison to the groups receiving TM paste or drench.109 This study demonstrated that ITM is the most effective way to provide additional TM to be available during specific times when the animal’s needs are greater.

Utilization of ITM ensures the delivery of a known and well-controlled quantity of TM that is rapidly and efficiently absorbed and stored after injection.110 This becomes particularly crucial for cattle experiencing reduced dry matter intake and mineral consumption, such as after vaccination or before parturition. It is also beneficial in situations where cattle have limited access to free-choice mineral supplements, as is common in extensive rangeland systems or flooded pastures. Treatment of ITM reduces the variability in TM status observed in animals with free-choice mineral intake.111

A commercially available ITM product, Multimin® 90 from Axiota Animal Health® that contains Zn (60 mg/ml), Cu (15 mg/ml), Mn (10 mg/ml), and Se (5 mg/ml) has demonstrated rapid absorption, leading to an increase in blood TM concentrations within 8 hours after injection, maintaining elevated circulating concentrations for 24 hours, after which they are stored in liver.110,112

Multiple studies have been performed to assess the impact of supplementation with ITM on production and reproduction of dairy cows. In a trial using 1,416 multiparous dairy cows that received ITM or not at 230 and 260 days of pregnancy, as well as 35 days postpartum, ITM supplementation led to a decrease in the incidence of periparturient fetal deaths and cases of endometritis.10 However, it is noteworthy that this treatment did not have any marked effects on reproductive performance, milk yield, or other health variables. Furthermore, treatment of ITM yielded positive outcomes for udder health with a reduction in linear somatic cell count scores, and the occurrence of mastitis.10 In another report in dairy cows, TM supplementation increased serum SOD activity, without affecting leukocyte function.11

A subsequent trial using 923 multiparous cows from 2 commercial dairy farms treated with ITM or not, revealed that ITM supplementation had a tendency to lower the incidence of metritis and stillbirths. Additionally, it exhibited improvements in polymorphonuclear leukocyte function and contributed to a better inflammatory status in dairy cows undergoing the transition period, under high temperature-humidity conditions.12

Treatment of ITM 30 days before calving and 30 days before breeding in beef cows synchronized using a 5-day CO-Synch + CIDR protocol, and TAI at 72 hours after CIDR removal resulted in higher P/TAI (60.2%) compared to control cows (51.2%). Final pregnancy rate was not different but the calving distribution for ITM-treated cows improved (12.5% more early calving), with a greater proportion of cows becoming pregnant (77.5%) during the first 20 days of the breeding season compared to control cows (65.0%).13

Effects of ITM treatment at the beginning of the TAI protocols (11 days before AI) have been evaluated in several trials. A study in Bos indicus cows14 demonstrated that ITM improved CL function, resulting in decreased CL diameter, although progesterone production was more efficient, having similar concentrations to control group.14 This might be due to the observed increase in antioxidant enzymes SOD and GPX, reduced ROS, and improved steroidogenesis. In the same study, ITM improved overall pregnancy rate ~ 5% points higher (particularly in cows with low BCS; 53.7 versus 48.1% for ITM and control cows, respectively), probably by enhancing oocyte quality and CL function.14 Moreover, in another trial, Angus heifers treated with ITM at the initiation of a 14-day CIDR protocol tended to have an increased AI pregnancy rate (62 versus 45%) compared to control heifers, despite no difference in overall pregnancy rate.17

The strategic supplementation with ITM at ovulation synchronization in dual purpose and beef cows under tropical grazing conditions in Mexico confirmed these findings, consistently reaching 5-8% greater (p = 0.05) pregnancy rate at TAI in treated versus control cattle (58.1 versus 50.9%).113 In a trial performed in Brazil, crossbred heifers underwent treatment with ITM (ITM 100 mg Zn, 100 mg Mn, 50 mg Cu, and 25 mg Se; Multimin®, Minerthal, Brazil) 17 days before timed embryo transfer (TET). Subcutaneous treatment of ITM (n = 219) resulted in 1.58-fold and 1.72-fold higher odds of being pregnant 23 and 48 days after TET compared to control group (n = 276), respectively. Therefore, ITM treatment 17 days before TET did not enhance the synchronization success, but it did result in increased conception rates (embryo survival) at both 23 and 48 days after TET.15

In contrast, other studies suggested that supplementation beyond an animal’s nutritional requirements may not provide benefits to reproductive performance.16,114 A research trial17 stated that repeated treatment with ITM before AI did not have substantial impact on pregnancy rates in beef heifers. Another study in dairy cattle reported that animals undergoing a 2-dose ITM protocol, first given before calving and second before breeding, exhibited lower conception rates at the first service.16

Trace mineral supplementation and in vitro production of bovine embryos

Supplementation with TM has been used to improve in vitro embryo production (IVP), during both in vivo oocyte collection (ovum pick-up, OPU) and in vitro maturation (IVM) and culture (IVC). Benefits and impacts of oral organic (amino acid complex) TM supplementation on OPU and in vitro embryo production in lactating beef cows submitted to OPU on days 52 and 67 of pregnancy were demonstrated.115 Oral supplementation with organic TM increased total COCs recovery and IVM compared to unsupplemented cows. The production of transferable embryos tended to be greater for TM supplemented cows. Additionally, the ratio of recovered COCs meeting maturation per transferable embryo was enhanced (lower) for cows receiving TM supplementation. Therefore, in TM supplemented cows, IVP was more efficient, needing fewer mature COCs to produce a transferable embryo. Replacing inorganic trace minerals with an organic source improved not only the number of recovered COCs via OPU, and the ability to reach maturation, but also the in vitro embryo production in beef cows.115

Addition of TM to IVM and IVC media have provided benefits to the production of bovine embryos. Adding Cu during oocyte maturation (4-6 µg/ml of IVM medium) notably increased both intracellular glutathione content and DNA integrity of cumulus cells,49 decreased apoptosis, and improved subsequent embryo development up to blastocyst stage.49,51,116 In a similar fashion, supplementation of the IVM medium with Zn (1.1-1.5 µg/ml) decreased DNA damage and apoptosis in cumulus cells. This supplementation also led to increased cleavage and blastocyst rates, along with an increase in the inner cell mass and total cell numbers.49,58,117 Manganese supplementation in the IVM medium (6 ng/ml), regardless of cumulus cells presence, also augmented the COCs quality (reduced % of apoptosis, and improved SOD activity), enhancing subsequent embryo development.53 Similar findings were observed when bovine oocytes were matured in IVM medium containing Se (10 ng/ml); there was a reduction in the number of apoptotic cells and increased embryo hatching rates compared to the control oocytes.118 In a more recent study, supplementation of IVM medium with a combination of Mn, Se, Cu, and Zn, (6, 100, 600, and 400 ng/ml, respectively) had increased blastocyst rates and cell number, and decreased ROS and lipid content.119 These studies demonstrated that addition of TM to the IVM and/or IVC may be a promising strategy to enhance the efficiency of the bovine IVP systems.

Conclusion

Trace minerals supplementation is a key support for the success of any dairy or beef herd breeding program. Oral TM supplementation is a common and highly recommended practice in cattle operations. However, evidence indicated substantial variability in TM bioavailability in animals receiving oral TM supplementation. Research and clinical evidence support the strategic use of ITM supplementation (without replacing traditional oral TM supplements) before episodes of: substantial stress (e.g. parturition), higher metabolic demand and TM depletion (e.g. the last trimester of pregnancy), active immune response (e.g. uterine involution or vaccination) and before breeding. An effective protocol has suggested treatment of ITM 30 days before parturition and 30 days postpartum or ~ 10 or 14 days before breeding (e.g. at starting ovulation synchronization protocol). This approach has enhanced herd’s oxidative balance, protective immunity, and fertility; reduced the occurrence of postpartum disorders in dairy cows (RFM, metritis, and mastitis) and enhanced pregnancy outcomes (5% greater pregnancy risk and 12% more calvings at the beginning of the season) with the final benefit of producing more uniform and heavier calf crops. Implementation of TM supplementation plan should be preceded by assessment of the herd’s TM status by collecting liver biopsies in a representative number of various animal groups (e.g. calves, heifers, pregnant, and nonpregnant cows) and determination of the TM content of forages and feedstuffs.
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