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In commercial pig production, stressful events are common and can have detrimental impacts on the pig's health and welfare, as well as on the performance of the farm. Supplementary magnesium may reduce stress, and subsequent harmful and aggressive behaviors, that occur during stressful events, such as regrouping. However, reports on the efficacy of this treatment are mixed. We aimed to systematically review the studies in which magnesium was given to pigs to examine the effects on measures of stress. Of the 16 studies included in the final corpus, 10 reported at least one statistically significant beneficial effect of supplementary magnesium on reducing stress. However, two studies found that magnesium significantly increased stress suggesting supplementary dietary magnesium may be harmful in some cases. Overall, there are a limited number of studies investigating the possible effect of magnesium on reducing stress in pigs, and although results were varied, the majority found beneficial effects of supplementary magnesium.
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INTRODUCTION

It is not uncommon for commercially farmed domestic pigs (Sus scrofa domesticus) to experience negative stress during their lifecycle. Acute stress (such as transportation or regrouping) and chronic stress (such as excessive heat or over-stocking for an extended period of time) can both be detrimental to the animal's health and welfare, and have economic impacts due to increased susceptibility to disease, increased mortality, poor meat quality, and poor performance (1–3). To understand how an environment, situation, or event is affecting an animal, stress can be assessed by measuring physiological, physical, and behavioral changes. Physiological measures of stress, such as heart rate or cortisol, have typically been the most common method of measuring a stress response in animals. For example, hair cortisol has been shown to be a potential marker for chronic stress (4), whereas blood and salivary cortisol changes much faster in response to acute stressors (5). However, whilst these measures assess the level of arousal of the individual, they do not indicate valence—the physiological changes observed can be the result of positive (excitement) or negative stress, making interpretation difficult. These physiological measures are more easily interpreted and more useful when used in conjunction with behavioral measures, allowing for the valence of the animal to be assessed (6–8). Physical changes like skin lesion scores can also be used. For example, in pigs, lesions on the main body are likely the result of fighting and aggressive interactions (9), whereas tail lesions often signs of non-aggressive harmful behaviors (10).

Harmful social behaviors, such as tail and ear biting resulting in ear and tail lesions, are often multifactorial with factors such as genetics, access to enrichment, and stocking density influencing the frequency and severity; however, they can also be exacerbated by stress (11). Acutely stressful events, such as transport or regrouping, can also lead to an increase in aggressive behaviors such as fighting, due to the disruption and subsequent re-establishment of the dominance hierarchy (12). Not only are these types of harmful and aggressive behaviors detrimental to the pigs' welfare but they can have a huge economic impact for the farmer or producer. Performance measures, including growth rate and reproduction (13, 14), are all negatively impacted by a high level of stress, as well as resulting damage and skin lesions increasing the risk of disease and mortality. Later, aggression before slaughter can cause carcass damage resulting in a penalty for the producer (15, 16), and higher stress levels have also been shown to negatively affect meat quality causing, for example, pale, soft, and exudative (PSE) meat that is unattractive to the consumer (17, 18).

Often, acutely stressful events are unavoidable in current commercial farming systems, such as key events that involve a change of environment or social structure, including weaning, regrouping (also known as mixing), or transportation, Therefore, research which focuses on improving the welfare of commercially farmed pigs, especially during these periods, is crucial for the animals and producer.

The five freedoms (19, 20) describe the basic needs of an animal to guard against poor welfare. The five freedoms are the freedom from hunger and thirst; freedom from discomfort; freedom from pain, injury, or disease; the freedom to express normal behavior, and freedom from fear and distress. These basic requirements should be met before other areas can be addressed to ensure a good, or even positive (21) welfare state is met. Providing a nutritionally balanced diet with access to water meets the most basic requirement. However, nutrition can also improve welfare beyond simply meeting the animals' basic needs. For example, providing a varied diet in terms of texture and taste, allowing a choice of diet, or providing the diet in an enriching and stimulating way will allow for the animal to express more of its natural behavior (22–24). Adding additional nutrients above the required level to maintain bodily function and growth, such as increased tryptophan (25) or fiber content (26), has also been shown to improve behavior, welfare, and performance. In farmed animal species, supplementary magnesium has been seen to improve productivity, including increased eggshell strength in aged laying hens (27), reduced weight loss in heat-stressed hens (28), improved growth rate in sheep (29), and reduced time between weaning and next oestrous cycle in pigs and dairy cattle (30).

As a vital mineral for mammalian function, magnesium acts as a co-factor for over 300 different enzymes and plays key roles in processes including ATP production and immune function (31–33). A large body of research also suggests that magnesium may play a role in reducing stress, anxiety, and depression in humans via multiple mechanisms including the serotoninergic, glutamatergic, and adrenergic systems (34). Multiple reviews have concluded that there is evidence for beneficial effects of magnesium despite the poor quality of some experimental research [for reviews see: Stress and anxiety: Phelan et al. (35) and Boyle et al. (36); Depression: Derom et al. (37) and Eby and Eby (38)]. In commercial pig production, magnesium may be added to pig feed during a stressful event in an attempt to alleviate this (39, 40). Swine diets typically contain sufficient magnesium to maintain growth and normal bodily function due to the level of magnesium in the cereal components of the feed; however, supplementation can be implemented with a range of different magnesium compounds or products. Although magnesium is generally thought to be beneficial in reducing stress, there remains a lack of substantive evidence to support its effectiveness in pigs.

Our aim was to conduct a systematic review to evaluate the available scientific evidence and determine whether this supports the use of supplementary dietary magnesium as an intervention to reduce stress in pigs. Included papers could focus on chronic or acute stress but must include a dietary magnesium treatment and at least one measure of stress, for example physiological measures such as cortisol, adrenaline, and heart rate, skin lesions or observed behavior.



METHODS


Search

A systematic review was conducted in April 2020 using the search engine Web of Science due to its wide range of source databases (41). The Web of Science default time span of 1900–2020 was applied. The search terms “magnesium,” “pig,” “swine,” “livestock,” “behavior,” “aggression,” and “stress” were used in combination using the Boolean operators. The search term string used was “(magnesium OR mg) AND (behavior OR behavior OR stress OR aggression OR aggressive OR cortisol) AND (pig OR pigs OR swine OR porcine OR livestock).”

The references of the final corpus were checked to ensure no literature was missed. Five further studies were found; however, one was a conference abstract (42) and three were not accessible (43–45) and, therefore, are not included in this review. The final paper found in the reference check was included in the final corpus (46).



Inclusion and Exclusion Criteria

Duplicates were removed and the remaining papers were filtered in four stages: (1) title; (2) abstract; (3) methods; and (4) full paper. Papers were included if: (1) pigs were the main study species, with a focus on the whole live animal; and (2) the study included dietary magnesium and at least one measure of stress. Papers were excluded if they were: (1) review papers; (2) conference abstracts; (3) in vitro; or (4) research not including a magnesium supplement or a measure of stress. Papers were also excluded if the abstract or full text could not be accessed or was not in English (Figure 1).
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FIGURE 1. Flowchart to show the study selection process. Irrelevant studies included those that did not have pigs as their study species or include a measures of stress.




Information Extraction

The following information was extracted from the final remaining papers: (1) aim of study; (2) sample size, sex and age of individuals or stage of production; (3) genotype; (4) experimental treatment(s); (5) dietary treatments (type of magnesium supplement, dose, administration method); (6) measured outcomes of stress; and (7) results.




RESULTS


Characteristics of Included Studies

The initial search identified 2,379 studies that were filtered according to the inclusion and exclusion criteria (as defined in section Inclusion and Exclusion Criteria), resulting in a final corpus of sixteen papers (Figure 1 and Table 1).


Table 1. Summary of extracted information for the final review corpus.
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Five studies included male and female pigs, seven only used male animals, and four did not report the sex of the animals used (50, 54–56). Sample sizes (including all treatments and controls) across the studies were highly variable, ranging from 10 to 448 pigs in total (average sample size of 124 with a standard deviation of 150). Thirteen of the 16 studies focussed on the effect of magnesium in the finishing phase (~50 kg to slaughter) and two in the grower phase (~20–50 kg live weight); one study did not specify the stage of production or age of the pigs used (50).

Six studies used Large White x Landrace pigs, three used a combination of Landrace, Large White, and Pietrain breeds, two used Pietrain x Hypor animals, and one used only Landrace and one a Duroc x Large White x Yorkshire. Two studies did not specify breed, only that the animals were halothane gene positive or negative (47, 48).

Seven studies chose to include pigs that expressed or carried the halothane gene (48, 50–55). This genotype results in the pigs being more susceptible to porcine stress syndrome, a genetic condition characterized by stress induced hypothermia (60). Three of these studies compared groups of pigs positive for the halothane gene with animals either negative (52, 53) or carriers (48), whereas both studies by Peeters et al. (54, 55) used only carriers of the gene and one study did not state the genetic profile of the animals used (50).



Treatments


Dietary Treatment

A total of 10 different magnesium supplements were used across the 16 studies. Four supplements were used in multiple studies; magnesium acetate was used by both Peeters et al. (54) and Peeters et al. (55). Two studies used magnesium-rich marine algae extract with a magnesium level of 59,520mg/Kg (39, 40) and two used magnesium sulfate (46, 53). Magnesium aspartate, also known as magnesium aspartate hydrochloride, was another popular choice with six studies choosing to use this supplement (46, 48–50, 56–58). Other magnesium supplements were magnesium mica (47), magnesium fumarate (51), magnesium carbonate (52), magnesium oxide (59), and magnesium chloride (46). The dose varied greatly between studies with 20 different doses administered. The majority of studies included magnesium at a level of < 1 g (31.25% of the studies) or between 1 and 5 g (50.00% of the studies). Only one used a dose between 5–10 g and three > 10 g (Table 1). Six studies compared two or more different amounts of the specific magnesium supplement (48, 49, 51, 56, 58, 59). There were 10 different durations of supplementation ranging from 2 to 115 days (average of all durations in each study was 22.24 days with a standard deviation of 33.65 days). One study supplemented during a liveweight range (30–100 kg) rather than days (51), and two studies compared long and short-term supplementation (48, 56). Two different supplementation methods were used. Thirteen studies opted to add the supplement to the pigs standard feed, a further two added it to drinking water (54, 55) and one supplemented both feed and water depending on the length of application (56).



Methods of Inducing and Measuring Stress

Stress was often induced by slaughter (48, 51–53, 59), and measured in terms of behavior and skin lesions in or following the lairage period (48), handling and stunning procedures (46, 52, 53), or blood parameters following slaughter (51, 56, 59). Transport, an acute stressor, was included in multiple studies (47, 54–58) during which some were transported within their original groups (47); some were mixed and then transported (55) and some experienced a transport simulation (54). Others used common stressors experienced on a commercial farm, such as regrouping (39, 40), withdrawal of feed (39), handling technique (46, 49), or exercise (50).

A total of 13 studies used physiological measures to quantify stress and six used behavioral measures with four studies employing both techniques (Table 1 and Supplementary Table 1). Stress was typically assessed by measuring cortisol, with seven studies using plasma or serum (51, 56–59) and three using salivary cortisol (39, 40, 54). Other physiological measures used to quantify stress included norepinephrine levels in two studies (49, 51), adrenaline and noradrenaline (46) and one study measured tachycardia and hyperventilation (50). The level of aggression or harmful behaviors was assessed using behavioral observations in six studies (39, 40, 48, 52–54). Lesion scores were used in a further four studies (39, 40, 53, 55).




Outcomes of Included Studies

Of the final corpus of studies (Table 1), 10 found that supplementary magnesium significantly reduced at least one measure of stress. A further two studies found supplementary magnesium reduced serum cortisol levels, although not significantly (57, 58). Two studies found supplementary magnesium resulted in a statistically significant increase in stress (48, 53) suggesting that it may be harmful in some instances. Two studies found no difference in measures of stress between dietary treatments. Apple et al. (47) showed that 25 g/Kg magnesium mica had no effect on stress and similarly, D'Souza et al. (46) found no significant difference between a control diet and three different magnesium-supplemented diets on adrenaline and noradrenaline.

Sample size or power calculations were not reported and the total number of animals used in the 16 studies ranged from 10 to 448 with eight studies using between 1 and 50 pigs, two using 51–100 and five having a total sample size of over 100 animals (Table 1). Six of the 15 studies appear to have less than 10 animals per treatment group (including dietary, genotype, and stressor treatments) (47, 50–52, 57, 58). Thus, the results from studies with a low sample size should be interpreted with caution.


Cortisol and Physiological Measures

Salivary cortisol was reduced in two studies (39, 40) and plasma or serum cortisol in three (51, 56, 59). A further two studies found magnesium aspartate reduced serum cortisol concentrations; however, these were non-significant trends (57, 58). Porta et al. (56) found mixed results depending on the length of time and application method. They observed that serum cortisol was decreased in pigs receiving 5 mg/Kg of magnesium aspartate hydrochloride in feed for 115 days; however, if magnesium was administered at a higher level (40 mg/Kg) in water for 5 days before slaughter serum cortisol was increased in comparison to the control. Peeters et al. (54) also added magnesium to water and found pigs receiving magnesium acetate at 3 g/L for 2 days before a transport stressor resulted in salivary cortisol level not returning to baseline as quickly as in control pigs, suggesting that magnesium did not positively influence stress.

O'Driscoll et al. (39) showed that during the regrouping stressor, supplemented females had lower cortisol levels than control females; however, during a 21 h feed withdrawal, there was no significant difference in salivary cortisol between dietary treatments. In a second study (40) magnesium also significantly lowered salivary cortisol levels in standard housing conditions.

Other physiological measures were also used to measure stress. D'Souza et al. (49) showed that overall, boars fed with supplementary magnesium aspartate had significantly lower plasma norepinephrine than pigs that received the control diet. Ehrenbergt and Helbig (50) over a 24 h period after stress caused by running on an ergometer.



Behavior

Magnesium was found to have a beneficial influence on aggressive or harmful behaviors in three studies including reduced duration (but not frequency) of aggressive behaviors (40), and pigs being slower to perform the first retreat attempt in the abattoir CO2 stunning unit (52). Two found no effect of magnesium in the diet on behavior (39, 53). Caine et al. (48) found supplementing feed with 40 mg/Kg of magnesium aspartate hydrochloride for 7 days resulted in an increase in aggressive behaviors, although a long-term low-level of magnesium in the diet (magnesium aspartate hydrochloride 5 mg/Kg in feed for 43 days before slaughter) had no effect. In another study, when pigs were placed in a vibration crate designed to simulate transport the magnesium-supplemented pigs were visibly calmer and spent more time lying down (54).



Skin Lesion Scores

All but one of the studies measuring lesion scores found reduced lesions in supplemented pigs in comparison to the control (39, 40, 55). Panella-Riera et al. (53), on the other hand, found the opposite effect. This study found that pigs had more severe skin lesions (typically due to biting during an aggressive encounter) when they received a diet containing elemental magnesium (1.2 g/Kg) in combination with L-tryptophan (8 g/Kg). Peeters et al. (55) found skin lesions in the loin area were reduced.



Halothane Genotype

Although now bred out of commercial pig herds, many studies in this review focus on halothane-genotype pigs. Two studies found that halothane-genotype pigs responded positively to increased dietary magnesium, evidenced by pigs taking longer to show the first retreat attempt in the abattoir stunning unit (53) or reduced hyperventilation and tachycardia following transport stress (50). One study showed no difference between genotypes (52); however, others found that halothane-genotyped pigs had higher plasma norepinephrine (51) and aggressive behaviors were more frequent in pigs carrying the halothane gene in comparison to control or non-halothane-genotype individuals (48). The final two studies involved only pigs that carried the halothane genes and so no comparison could be made between these and individuals with a different genotype (54, 55).





DISCUSSION

The aim of this systematic review was to examine the current scientific literature exploring the use of magnesium to reduce stress in pigs. Sixteen studies, published between the years 1991 and 2013, met the inclusion criteria. Ten of these reported at least one positive significant effect of supplementary magnesium on physiological measures of stress and/or measures of harmful or aggressive behavior (Table 1). Not all studies found supplementary magnesium to be beneficial. Including Caine et al. (48) who found that short-term, high doses of magnesium (40 mg/kg for 7 days) increased the frequency of aggressive behaviors, and Panella-Riera et al. (53) who reported that the carcases of pigs fed for 5 days before slaughter on a diet supplemented with 1.2 g of elemental magnesium and 8 g of L-tryptophan had an increased number of skin lesions, suggesting they were more active or fought more during the transport or slaughter period. In both studies, supplementary magnesium was only given for a very short period of time, 5 and 7 days before slaughter, respectively.

A common theme throughout this literature was porcine stress syndrome, a genetic condition caused by the halothane gene that is characterized by hypothermia induced by stress (60) which can often result in sudden death and poor meat quality. In the UK, the halothane gene has now been removed from commercial pig production through genetic selection, rendering the results from these studies less relevant to current UK commercial pig production, although they may remain relevant to pig production in other countries. Overall, the results of the seven studies focusing on porcine stress syndrome susceptible pigs, suggests that magnesium supplementation in some cases may have a positive impact on animals that are genetically susceptible to stress (Supplementary Table 1). Alternatively, if focusing on the nine studies that did not include halothane-genotype pigs, five studies found at least one measure of stress was improved when the pigs received magnesium. One of these five studies, however, also showed that magnesium increased serum cortisol levels when given at a low-level for a longer period of time (56). A further three found no significant effect. This suggests that more research to determine appropriate dose regimens is required.

There is also large amount of literature examining how magnesium may improve meat quality, although not all studies include measures of stress (61–63). Thirteen of the 16 studies retrieved in this review were concerned with the effects of magnesium on meat and thus discussed measurements of stress from the perspective of improving pork quality. These studies also tended to focus only on the end stage of the commercial pig's life; for example, both Apple et al. (47) and Porta et al. (56) focused on transport and slaughter stress. Although the later stages of the pigs' lifetime may seem like the most obviously stressful period, stress is likely to occur at various points throughout the whole life and may have a cumulative impact on welfare and performance. Therefore, it would be worthwhile to explore further, the effect of including magnesium during earlier life stages.

Throughout the literature, cortisol was the most common measurement taken to indirectly assess levels of stress. Cortisol was measured either in the plasma, serum, or saliva with concurrent recording of behavioral measures including the frequency and duration of aggressive behavior (Table 1). Cortisol is an easy to obtain measure of arousal or stress and so it is unsurprising that so many of the studies used cortisol measures. However, cortisol is highly variable even within an individual, and can be elevated due to both positive and negative arousal; as such, cortisol measures may be more interpretable when contextualized with behavioral responses that can help to infer the valence of the response (6).

Although measures of cortisol and behavior were common across the studies, in terms of the nutritional treatment, there was a lack of consistency between methodologies with often no clear reasoning for the doses, durations, or types of magnesium used. As shown by the number of studies extracted in this review, this is a relatively new nutritional method that is yet to achieve scientific consensus on when and how it may be most beneficial, or even harmful. Cost will be key in terms of farmers' willingness to implement a new strategy. Investing in additional magnesium will need to be cost effective and worthwhile for the producer, either because the magnesium is a cheap strategy to implement or stress is reduced in a large enough proportion of the livestock (with clear benefits, such as improved performance), to make the treatment a worthwhile investment. Based on the studies in this review, there appears to be no clear conclusion regarding the best method to administer supplementary magnesium in order to reduce stress and further research should strive to validate appropriate dosage, duration, and application of magnesium.

Despite the inconsistency between methodologies rendering valid comparisons between studies difficult, it is clear from the results that supplementary magnesium can have beneficial effects on reducing measures of stress, aggression, and improve meat quality in pigs of varying genotypes. A large amount of research was focused on the end of the commercial pig's life and although this is a key time in terms of pork quality, it would also be beneficial to investigate further how introducing magnesium into the diet earlier on in life may improve welfare, performance, and other key measures. Overall, there is a limited amount of scientific evidence to support the use of magnesium to reduce aggression and stress on commercial pig farms; however, the weight of the evidence for magnesium supplementation in pigs is positive and more thorough investigation of the impact of magnesium on stress in pigs is merited.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Materials, further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

EB conducted the search. EB, LD, and LC wrote and edited the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

EB was funded by the Biotechnology and Biological Sciences Research Council on an iCase studentship in partnership with Primary Diets (Grant Number: BB/R506096/1).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fvets.2020.596205/full#supplementary-material



REFERENCES

 1. Hambrecht E, Eissen JJ, Newman DJ, Smits CHM, Den Hartog LA, Verstegen MWA. Negative effects of stress immediately before slaughter on pork quality are aggravated by suboptimal transport and lairage conditions. J Anim Sci. (2005) 83:440–8. doi: 10.2527/2005.832440x

 2. McLamb BL, Gibson AJ, Overman EL, Stahl C, Moeser AJ. Early weaning stress in pigs impairs innate mucosal immune responses to enterotoxigenic E. coli challenge and exacerbates intestinal injury and clinical disease. PLoS ONE. (2013) 8:e59838. doi: 10.1371/journal.pone.0059838

 3. Aich P, Potter AA, Griebel PJ. Modern approaches to understanding stress and disease susceptibility: a review with special emphasis on respiratory disease. Int J Gen Med. (2009) 2:19–32. doi: 10.2147/IJGM.S4843

 4. Carroll GA, Boyle LA, Hanlon A, Palmer MA, Collins L, Griffin K, et al. Identifying physiological measures of lifetime welfare status in pigs: exploring the usefulness of haptoglobin, C-reactive protein hair cortisol sampled at the time of slaughter. Ir Vet J. (2018) 71:8. doi: 10.1186/s13620-018-0118-0

 5. Merlot E, Mounier AM, Prunier A. Endocrine response of gilts to various common stressors: a comparison of indicators and methods of analysis. Physiol Behav. (2011) 102:259–65. doi: 10.1016/j.physbeh.2010.11.009

 6. Quirin M, Kazén M, Rohrmann S, Kuhl J. Implicit but not explicit affectivity predicts circadian and reactive cortisol: using the implicit positive and negative affect test. J Pers. (2009) 77:401–26. doi: 10.1111/j.1467-6494.2008.00552.x

 7. Scollo A, Gottardo F, Contiero B, Edwards SA. Does stocking density modify affective state in pigs as assessed by cognitive bias, behavioural and physiological parameters?. Appl Anim Behav Sci. (2014) 153:26–35. doi: 10.1016/j.applanim.2014.01.006

 8. Young T, Creighton E, Smith T, Hosie C. A novel scale of behavioural indicators of stress for use with domestic horses. Appl Anim Behav Sci. (2012) 140:33–43. doi: 10.1016/j.applanim.2012.05.008

 9. Turner SP, Farnworth MJ, White IM, Brotherstone S, Mendl M, Knap P, et al. The accumulation of skin lesions and their use as a predictor of individual aggressiveness in pigs. Appl Anim Behav Sci. (2006) 96:245–59. doi: 10.1016/j.applanim.2005.06.009

 10. Taylor NR, Main DC, Mendl M, Edwards SA. Tail-biting: a new perspective. Vet J. (2010) 186:137–47. doi: 10.1016/j.tvjl.2009.08.028

 11. Smulders D, Hautekiet V, Verbeke G, Geers R. Tail and ear biting lesions in pigs: an epidemiological study. Anim Welf. (2008) 17:61–9.

 12. Peden RS, Turner SP, Boyle LA, Camerlink I. The translation of animal welfare research into practice: the case of mixing aggression between pigs. Appl Anim Behav Sci. (2018) 204:1–9. doi: 10.1016/j.applanim.2018.03.003

 13. Campbell JM, Crenshaw JD, Polo J. The biological stress of early weaned piglets. J Anim Sci Biotechnol. (2013) 4:1–4. doi: 10.1186/2049-1891-4-19

 14. Ross JW, Hale BJ, Seibert JT, Romoser MR, Adur MK, Keating AF, et al. Physiological mechanisms through which heat stress compromises reproduction in pigs. Mol Reprod Dev. (2017) 84:934–45. doi: 10.1002/mrd.22859

 15. d'Eath RB, Turner SP, Kurt E, Evans G, Thölking L, Looft H, et al. Pigs' aggressive temperament affects pre-slaughter mixing aggression, stress and meat quality. Anim Int J Anim Biosci. (2010) 4:604–16. doi: 10.1017/S1751731109991406

 16. Gade PB. Effect of rearing system and mixing at loading on transport and lairage behaviour and meat quality: comparison of outdoor and conventionally raised pigs. Anim Int J Anim Biosci. (2008) 2:902–11. doi: 10.1017/S1751731108002000

 17. Foury A, Devillers N, Sanchez MP, Griffon H, Le Roy P, Mormède P. Stress hormones, carcass composition and meat quality in large white× duroc pigs. Meat Sci. (2005) 69:703–7. doi: 10.1016/j.meatsci.2004.11.002

 18. Dokmanovic M, Baltic MZ, Duric J, Ivanovic J, Popovic L, Todorovic M, et al. Correlations among stress parameters, meat and carcass quality parameters in pigs. Asian-Australas J Anim Sci. (2015) 28:435–41. doi: 10.5713/ajas.14.0322

 19. FAWC. Farm Animal Welfare in Great Britain: Past Present and Future. London: FAWC (2009). p. 1–70.

 20. McCulloch SP. A critique of FAWC's five freedoms as a framework for the analysis of animal welfare. J Agric Environ Ethics. (2013) 26:959–75. doi: 10.1007/s10806-012-9434-7

 21. Lawrence AB, Newberry RC, Špinka M. Positive welfare: what does it add to the debate over pig welfare? In: Špinka M, editor. Advances in Pig Welfare. Woodhead Publishing (2018) p. 415–44. doi: 10.1016/B978-0-08-101012-9.00014-9

 22. Manteca X, Villalba JJ, Atwood SB, Dziba L, Provenza FD. Is dietary choice important to animal welfare? J Vet Behav. (2008) 3:229–39. doi: 10.1016/j.jveb.2008.05.005

 23. Rutter SM. Grazing preferences in sheep and cattle: implications for production, the environment and animal welfare. Can J Ani Sci. (2010) 90:285–93. doi: 10.4141/CJAS09119

 24. Middelkoop A, van Marwijk MA, Kemp B, Bolhuis JE. Pigs like it varied; feeding behavior and pre-and post-weaning performance of piglets exposed to dietary diversity and feed hidden in substrate during lactation. Front Vet Sci. (2019) 6:408. doi: 10.3389/fvets.2019.00408

 25. Poletto R, Kretzer FC, Hötzel MJ. Minimizing aggression during mixing of gestating sows with supplementation of a tryptophan-enriched diet. Physiol Behav. (2014) 132:36–43. doi: 10.1016/j.physbeh.2014.04.043

 26. Bolhuis JE, van den Brand H, Bartels AC, Oostindjer M, van den Borne JJ, Kemp B, et al. Effects of fermentable starch on behaviour of growing pigs in barren or enriched housing. Appl Anim Behav Sci. (2010) 123:77–86. doi: 10.1016/j.applanim.2010.01.010

 27. Kim CH, Paik IK, Kil DY. Effects of increasing supplementation of magnesium in diets on productive performance and eggshell quality of aged laying hens. Biol Trace Elem Res. (2013) 151:38–42. doi: 10.1007/s12011-012-9537-z

 28. Donoghue DJ, Krueger WF, Donoghue AM, Byrd JA, Ali DH, El Halawani ME. Magnesium-aspartate-hydrochloride reduces weight loss in heat-stressed laying hens. Poult Sci. (1990) 69:1862–8. doi: 10.3382/ps.0691862

 29. Dove H, Kelman WM. Liveweight gains of young sheep grazing dual-purpose wheat with sodium and magnesium supplied as direct supplement, or with magnesium supplied as fertiliser. Anim Prod Sci. (2015) 55:1217–29. doi: 10.1071/AN14658

 30. Zang J, Chen J, Tian J, Wang A, Liu H, Hu S, et al. Effects of magnesium on the performance of sows and their piglets. J Anim Sci Biotechnol. (2014) 5:39. doi: 10.1186/2049-1891-5-39

 31. Serefko A, Szopa A, Wlaz P, Nowak G, Radziwoń-Zaleska M, Skalski M, et al. Magnesium in depression. Pharmacol Rep. (2013) 65:547–54. doi: 10.1016/S1734-1140(13)71032-6

 32. Tam M, Gomez S, Gonzalez-Gross M, Marcos A. Possible roles of magnesium on the immune system. Eur J Clin Nutr. (2003) 57:1193–7. doi: 10.1038/sj.ejcn.1601689

 33. Swaminathan R. Magnesium metabolism and its disorders. Clin Biochem Rev. (2003) 24:47–66.

 34. Vink R, Nechifor M. Magnesium in the Central Nervous System. Adelaide, SA: University of Adelaide Press (2011).

 35. Phelan D, Molero P, Martínez-González MA, Molendijk M. Magnesium and mood disorders: systematic review and meta-analysis. BJPsych Open. (2018) 4:167–79. doi: 10.1192/bjo.2018.22

 36. Boyle N, Lawton C, Dye L. The effects of magnesium supplementation on subjective anxiety and stress—a systematic review. Nutrients. (2017) 9:429. doi: 10.3390/nu9050429

 37. Derom ML, Sayón-Orea C, Martínez-Ortega JM, Martínez-González MA. Magnesium and depression: a systematic review. Nutr Neurosci. (2013) 16:191–206. doi: 10.1179/1476830512Y.0000000044

 38. Eby, GA III, Eby KL. Magnesium for treatment-resistant depression: a review and hypothesis. Med Hypothes. (2010) 74:649–60. doi: 10.1016/j.mehy.2009.10.051

 39. O'Driscoll K, Teixeira DL, O'Gorman D, Taylor S, Boyle LA. The influence of a magnesium rich marine supplement on behaviour, salivary cortisol levels, and skin lesions in growing pigs exposed to acute stressors. Appl Anim Behav Sci. (2013) 145:92–101. doi: 10.1016/j.applanim.2013.02.005

 40. O'Driscoll K, O'Gorman DM, Taylor S, Boyle LA. The influence of a magnesium-rich marine extract on behaviour, salivary cortisol levels and skin lesions in growing pigs. Animal. (2013) 7:1017–27. doi: 10.1017/S1751731112002431

 41. Web of Science. About the Web of Science Service for UK Education. (2019). Available online at: https://wok.mimas.ac.uk/about/ (accessed December 16, 2020).

 42. Otten W, Bergerhoff T, Berrer A, Goldberg M, Eichinger HM. Effects of a magnesium fumarate supplementation on cate- cholamines, cortisol and blood metabolites in swine. In: Proceedings 39th International Congress of Meat Science and Technology. Calgary, AB (1993). p. 82.

 43. Kuhn G, Nowak A, Otto E, Albrecht V, Gassmann B, Sandner E, et al. Studies on the control of meat quality by special treatment of swine. 1. Effects of stress and preventative magnesium feeding on selected parameters of carcass value and blood serum. Archiv Tierzucht. (1981) 24:217.

 44. Kaemmerer K, Kietzmann M, Kreisne1 M. Studies with magnesium. 2. Effect of magnesium chloride and magnesium aspartate hydrochloride on stress reactions. Zentralbl Veterinarmed. (1984) 31:321–33. doi: 10.1111/j.1439-0442.1984.tb01290.x

 45. Kietzmann M, Jablonski H. Blocking of stress in swine with magnesium aspartate hydrochloride. Praktische Tierarzt. (1985) 661:331.

 46. D'souza DN, Warner RD, Dunshea FR, Leury BJ. Comparison of different dietary magnesium supplements on pork quality. Meat Sci. (1999) 51:221–5. doi: 10.1016/S0309-1740(98)00110-7

 47. Apple JK, Kegley EB, Maxwell CV, Rakes LK, Galloway D, Wistuba TJ. Effects of dietary magnesium and short-duration transportation on stress response, postmortem muscle metabolism, and meat quality of finishing swine. J Anim Sci. (2005) 83:1633–45. doi: 10.2527/2005.8371633x

 48. Caine WR, Schaefer AL, Aalhus JL, Dugan MER. Behaviour, growth performance and pork quality of pigs differing in porcine stress syndrome genotype receiving dietary magnesium aspartate hydrochloride. Can J Anim Sci. (2000) 80:175–82. doi: 10.4141/A99-068

 49. D'souza DN, Warner RD, Leury BJ, Dunshea FR. The effect of dietary magnesium aspartate supplementation on pork quality. J Anim Sci. (1998) 76:104–9. doi: 10.2527/1998.761104x

 50. Ehrenbergt A, Helbig HBJ. Influence of the administration of magnesium aspartate hydrochloride on porcine-stress-syndrome. Mag Bull. (1991) 3:103–6.

 51. Otten W, Berrer A, Bergerhoff T, Goldberg M, Eichinger HM. Effects of a dietary magnesium fumarate supplementation on blood metabolites and meat quality in swine. Mag Bull. (1995) 17:91–5.

 52. Panella-Riera N, Dalmau A, Fàbrega E, i Furnols MF, Gispert M, Tibau J, et al. Effect of supplementation with MgCO3 and L-tryptophan on the welfare and on the carcass and meat quality of two halothane pig genotypes (NN and nn). Livest Sci. (2008) 115:107–17. doi: 10.1016/j.livsci.2007.06.014

 53. Panella-Riera N, Velarde A, Dalmau A, Fàbrega E, i Furnols MF, Gispert M, et al. Effect of magnesium sulphate and L-tryptophan and genotype on the feed intake, behaviour and meat quality of pigs. Livest Sci. (2009) 124:277–87. doi: 10.1016/j.livsci.2009.02.010

 54. Peeters E, Neyt A, Beckers F, De Smet S, Aubert AE, Geers R. Influence of supplemental magnesium, tryptophan, vitamin C. and vitamin E on stress responses of pigs to vibration. J Anim Sci. (2005) 83:1568–80. doi: 10.2527/2005.8371568x

 55. Peeters E, Driessen B, Geers R. Influence of supplemental magnesium, tryptophan, vitamin C, vitamin E, and herbs on stress responses and pork quality. J Anim Sci. (2006) 84:1827–38. doi: 10.2527/jas.2005-600

 56. Porta S, Ehrenberg A, Helbig J, Classen HG, Egger G, Weger M, et al. Time and dose dependent influence of magnesium-aspartate-hydrochloride treatment upon hormonal and enzymatic changes as well as alterations in meat quality due to slaughtering stress in pigs. Mag Bull. (1995) 17:56.

 57. Tang R, Yu B, Zhang K, Chen D. Effects of supplemental magnesium aspartate and short-duration transportation on postmortem meat quality and gene expression of μ-calpain and calpastatin of finishing pigs. Livest Sci. (2009) 121:50–5. doi: 10.1016/j.livsci.2008.05.015

 58. Tang R, Yu B, Zhang K, Chen D. Effects of supplementing two levels of magnesium aspartate and transportation stress on pork quality and gene expression of μ-calpain and calpastatin of finishing pigs. Arch Anim Nutr. (2008) 62:415–25. doi: 10.1080/17450390802214183

 59. Tarsitano M, Bridi AM, Abércio da Silva C, Constantino C, Andreo N, Bueno Dalto D. Magnesium supplementation in swine finishing stage: performance, carcass characteristics and meat quality. Semina. (2013) 34. doi: 10.5433/1679-0359.2013v34n6p3105

 60. Band GDO, Guimarães SEF, Lopes PS, Schierholt AS, Silva KM, Pires AV, et al. Relationship between the porcine stress syndrome gene and pork quality traits of F2 pigs resulting from divergent crosses. Genet Mol Biol. (2005) 28:88–91. doi: 10.1590/S1415-47572005000100015

 61. Apple JK, Maxwell CV, Stivarius MR, Rakes LK, Johnson ZB. Effects of dietary magnesium and halothane genotype on performance and carcass traits of growing-finishing swine. Livest Prod Sci. (2002) 76:103–13. doi: 10.1016/S0301-6226(02)00004-0

 62. Frederick BR, Van Heugten E, See MT. Timing of magnesium supplementation administered through drinking water to improve fresh and stored pork quality. J Anim Sci. (2004) 82:1454–60. doi: 10.2527/2004.8251454x

 63. Alonso V, Provincial L, Gil M, Guillén E, Roncalés P, Beltrán JA. The impact of short-term feeding of magnesium supplements on the quality of pork packaged in modified atmosphere. Meat Sci. (2012) 90:52–9. doi: 10.1016/j.meatsci.2011.05.028

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Bushby, Dye and Collins. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Is Magnesium Supplementation an Effective Nutritional Method to Reduce Stress in Domestic Pigs? A Systematic Review



		Introduction



		Methods



		Search



		Inclusion and Exclusion Criteria



		Information Extraction







		Results



		Characteristics of Included Studies



		Treatments



		Dietary Treatment



		Methods of Inducing and Measuring Stress









		Outcomes of Included Studies



		Cortisol and Physiological Measures



		Behavior



		Skin Lesion Scores



		Halothane Genotype













		Discussion



		Data Availability Statement



		Author Contributions



		Funding



		Supplementary Material



		References

















OPS/images/cover.jpg
, frontiers
in Veterinary Science

Is Magnesium Supplementation an
Effective Nutritional Method to
Reduce Stress in Domestic Pigs? A
Systematic Review





OPS/images/fvets-07-596205-g001.gif
il scarch.

o237
Duphests remoned
frp—
237
levant e
023
Avsactssereened
nlevatshsacs
i
vt cessable
Mo sercomd.
et sodies
EE— a=6
Foll ot mecssste
ncded ppers
-1
Full i imseessble
duing et chck
a=3

Fi poper et sk

3






OPS/images/fvets-07-596205-t001.jpg
Weaner Grower Finisher Halothane- Physiological Behavioral Supplement ~Supplement Supplement Supplement Reduction

genotype  measures  measures dose dose dose dose in stress
<1g 1-59 5109 >10g  measure?

Apple etal. (47) x x x x

Caine et al. (48) x x x x

D'Souza et al. x x x

(46)

D'Souza et al. x x x x

(49)

Ehrenbergt and Not reported x x x

Helbig, (50)

O'Driscoll et al x x x x x

©9)

O'Driscoll et al. x x x x x

(40)

Otten et al. (51) x x x x x

Panella-Riera x x x x x

etal. (52)

Panella-Riera x x x x

etal. (63)

Peeters etal x x x x x x

(64)

Peeters et al. x x x x x x

(65)

Porta et al. (56) x x x x

Tang et al. (57) x x

Tang et al. (58) x x x

Tarsitano et al. X X X X X

69

Total % 0 1250 8125 4375 81.25 4375 3125 50,00 625 18.75 62.50

All supplement doses were converted into grams by the author.









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Veterinary Science





