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Abstract

:

Oxidative reactions in premixes or final-compound feed pose considerable challenges to the poultry industry, both in terms of rancidity reducing palatability and shelf life and in vivo oxidative stress negatively impacting animal performance. Whilst there has been broad awareness of feed oxidation for many years, recognition of the impact of oxidative stress on the poultry industry has grown in the past twenty years. The appearance of woody breast and associated muscle meat myopathies has led to a rapid increase in research output and awareness of in vivo oxidative reactions. Oxidative stress has been widely demonstrated to damage tissue, lipids, and DNA, and is thought to be linked to conditions such as leaky gut, coccidiosis, and ascites, amongst others. The use of dietary antioxidants has been found to both protect feed from oxidation and ameliorate some of the detrimental effects associated with oxidative stress, including improving performance, increasing antioxidant capacity, and mitigating the effects of heat and transport stress. Therefore, the aim of this review is to provide insight into the process of in-feed oxidation and in vivo oxidation including a summary of the benefits of different kinds of antioxidants in feed as well as their potential in vivo added value, based on findings reported within all scientific literature.
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1. Introduction


Free radicals are the main players in oxidative reactions, and their presence triggers self-perpetuating chain reactions that can be highly damaging to biological molecules. Free radicals are naturally occurring, highly unstable molecules formed during normal aerobic metabolism [1]. The term ‘free radicals’ is often used interchangeably with reactive oxygen species (ROSs), though this is not always technically correct [2]. ROSs are a chemical species that possess an outer electron orbital and a single unpaired electron that increase the reactivity of an atom or molecule [3]. Most ROSs are unstable and will donate the unpaired electron to neighboring molecules or seek a hydrogen atom, in order to pair it with their free electron [3]. However, some ROSs can persist for extended periods of time. The process of reactivity allows oxygen to participate in high-energy electron transfer and the production of adenosine-5-triphosphate (ATP) via oxidative phosphorylation. Whilst this process is vital in the evolution of multicellular organisms, it also has the propensity to attack biological molecules such as lipids, proteins, and DNA [4].



Oxidative reactions can occur in two key areas of poultry production: The first of these is when oxidation of the diet or diet components occurs and the second is during the process of in vivo oxidative stress. Both forms of oxidation can have detrimental impacts on the health and performance of birds, ultimately resulting in lower economic production profitability. This review aims to summarize the mechanisms of feed oxidation and its impact on poultry performance, gut health, and meat quality, and the ways in which this can be alleviated through the use of antioxidant molecules.




2. Oxidation in Poultry Feed


The occurrence of oxidative deterioration in human food has been recognized for many years [5]. Long before the process of oxidation was understood, it was recognized that covering food and/or preventing its exposure to the air could extend the potential shelf life of some foods [6,7]. Modern research has shown that oxidation can reduce the shelf life of food, reduce palatability, and when oxidized food is consumed, can lead to damage to biological molecules including cellular death [8,9]. Throughout history, it has been discovered that some substances and processes can protect food from oxidation and therefore retain palatability and extend shelf life for higher consumer acceptability.



Poultry feed is no different. With the evolution of modern poultry nutrition, and the scientific formulation of diets allowing nutritionists to fully exploit genetic potential and nutrient requirements, we understand that certain components of the diet are more sensitive to oxidation or are more prone to triggering oxidative reactions. Vegetable fats such as soy and palm oils have become very common in poultry diets following EU restrictions on the use of animal by-products [10]. However, the unsaturated nature of many vegetable fats can render them highly prone to oxidation [9]. Similarly, the wide range of ingredients incorporated into modern poultry diets considered food-processing by-products can vary greatly in their propensity to either be oxidized or trigger oxidation.



Oxidation within the diet results in the rancidity of fats and oils [11] and the degradation or full destruction of vitamins [12], pigments, and amino acids [13], resulting in reduced nutritional and energy values of the diet [11]. Subsequently, feed intake may be impaired and nutritional deficiencies may occur [8], leading to reduced performance [14] and potential nutritional deficiencies [8].



With feed typically representing more than 60% of total commercial production costs, the over-formulation of nutrients such as Vitamin E, in an effort to mitigate oxidative reactions, is economically unfavorable as nutrients are generally consumed during oxidative reactions and therefore not bioavailable to the animal, providing the potential for nutrient deficiencies in the animal. Therefore, preserving optimal diet quality and nutritive value at a justifiable price is a key challenge for every nutritionist.




3. Oxidation of Dietary Fats


Lipids are generally considered to be the most oxidation-sensitive component of poultry diets [8]. Oxidation begins in one of two ways: Photo (light)-sensitized oxidation or autoxidation (Figure 1) [9]. Photo-sensitized oxidation is a process that occurs in unsaturated lipids when a photo-sensitizer (substances such as chlorophyll or riboflavin) becomes energized when exposed to light [15]. Autoxidation occurs as a result of highly complex free-radical reactions between free fatty acids and oxygen [9]. The resulting reactions cause damage to lipids in a process referred to as rancidity.



Transition metals such as copper and iron have been shown to be highly pro-oxidant [9]. The mechanism of metal-catalyzed lipid peroxidation is thought to be dependent on the presence of preformed lipid hydroperoxides [9]. Whilst transition metals are able to degrade unsaturated lipids into alkyl radicals, this reaction is slow and therefore considered only a minor component in the promotion of lipid oxidation [16]. It has been demonstrated that when peroxides are absent or removed from lipids, peroxidation by iron does not occur; however, even low levels of peroxides can cause chain reactions to become self-perpetuating [9]. Metals cause oxidation by decomposing lipid peroxides into free radicals by a redox cycling pathway, causing free radicals to form new peroxides in the presence of oxygen [9].



When lipids are oxidized, the intermediate products (free radicals) and end products (aldehydes, ketones, alcohols, etc.) can subsequently interact with other diet components, such as proteins, vitamins, and pigments, negatively impacting their nutritional properties [8,9,11]. The effects of oxidation can substantially reduce feed digestibility and palatability, resulting in decreased feed intake, AME, and feed efficiency [8]. Lipid oxidation has further add-on effects on protein digestibility, with proteins often co-oxidized [17]. The propensity for oxidation varies, depending on the type of lipid, fatty acid profile (Figure 2), diet matrix (presence of metal ions, etc.), and storage conditions (exposure to light, heat, and oxygen).



Lipid oxidation has been shown to have several effects that are detrimental to poultry production. It is well recognized that oxidation reduces the palatability of feed, consequently reducing feed intake and overall performance [19]. Furthermore, the oxidation process has been shown to reduce the nutritional value of the diet due to reactions with lipids, proteins, and/or fat-soluble vitamins within the diet [20]. Some oxidation products—including, for example, 2-propenal, 2-butenal, 4-Hydroxy-trans-2-nonenal, 4-Hydroxy-trans-2-hexenal, and α and β unsaturated aldehydes—are considered toxic to the animal, causing damage to intestinal enterocytes [21] and the liver [22]. Consequently, performance can be compromised via several mechanisms, and even when oxidation occurs at low levels, it may be responsible for the unexplained performance variability that is often observed.




4. Effects of Oxidation on Meat Quality


Lipid oxidation is the primary factor that influences meat quality [23,24]. This can have significant impacts on the carcass quality and shelf life of the meat [25]. Lipid oxidation has been shown to affect the texture, color, odor, taste, and nutritional value of meat; therefore, the oxidation process can have significant impacts on meat acceptance and, therefore, successful production [26].



Peri-mortem oxidative stress is thought to play a role in novel poultry breast muscle myopathies such as woody breast, spaghetti meat, and white stripe [27]. These conditions cause substantial losses for producers due to downgrading or rejection of the meat upon processing [28] The incidence of these myopathies has been estimated to be up to 50% of slaughtered birds; however, the occurrence is considerably higher in birds with high live weights [29]. It is generally accepted that the overriding causal factor is heavy genetic selection for fast growth and increased breast muscle size; however, oxidative stress is thought to exacerbate a predisposition [30,31]. It is believed that these conditions cost the poultry industry more than $200 million per year (Table 1) [28].



One hypothesis for the cause of these myopathies is the production of reactive oxygen species from the extensive deposition of protein in poorly vascularized breast muscle. The limited existing vascularization to the breast muscle becomes overwhelmed when the muscle size is increased, leading to insufficient oxygen supply and the removal of metabolic by-products, consequently resulting in oxidative stress and tissue damage [31]. This is in line with Mutryn et al. [43] and Griffin et al. [33], who examined gene transcription analysis. Both studies looked at transcription regulatory factor hypoxia-inducible factor-1a (HIF-1a). Increased transcription of HIF-1a has been reported in the muscle samples of birds with woody breast and white stripe and is known to be linked to in vivo oxidation. Griffin et al. [33] measured HIF-1a daily during broiler growth and observed the first incidence of white stripe and woody breast at 16 and 23 days, respectively. This was coupled with a linear increase in HIF-1a from day 14, suggesting that the increase in HIF-1a levels, and therefore oxidation, may be a causal factor.



Post-mortem, chicken meat is particularly vulnerable to oxidative processes due to the degree of unsaturated lipids within the muscle. Post-mortem oxidation (lipid and protein) thus dramatically affects the shelf life and quality of the final meat product.



Upon slaughter, blood flow is interrupted, and various metabolic processes cease [44]. Unsaturated fatty acids then interact with molecular oxygen via free-radical chain-forming peroxides [44]. The oxidation process starts with phospholipids, catalyzed by heme proteins such as hemoglobin, myoglobin, and iron, amongst other molecules [45]. The phospholipids in the cell membrane are rich in polyunsaturated fatty acids, increasing the susceptibility to oxidation [45]. Post-mortem lipid oxidation is mediated by the presence of both pro- and antioxidant compounds within the bird. As such, the occurrence of in vivo oxidative stress and, therefore, the consumption of oxidized compounds during the animal’s life can substantially deplete oxidative defenses and increase the likelihood and severity of lipid oxidation in the meat.



Modern production often involves transporting meat over long distances; a reduced shelf life therefore would result in significant financial losses. Several other factors influence the oxidative process [46]. Endogenous factors include the presence and activity of endogenous antioxidant enzymes, the provision of dietary antioxidants during life, and levels of iron and other metals present in the bird [46]. Several external factors can also affect the levels of oxidative reactions. Physiological damage and psychological stress prior to and during the slaughter process have a profound effect on the oxidation of poultry meat [19]. Likewise, meat handling (aging, tenderizing, shortening, and deboning), storage (temperature, time, and oxygen exposure) preparation (deboning, adding additives, and cooking), and packaging can accelerate the process. Xiao et al. [41] examined the effect of packaging on lipid and protein oxidation. The study explored the effect of using either oxygen-permeable or vacuum packaging. The results demonstrated that lipid and protein oxidation could be significantly delayed with the use of oxygen vacuum packaging. Interestingly, Xiao et al. [42] looked at the impact of packaging broiler thigh meat in either oxygen-permeable or oxygen-impermeable vacuum packaging with and without irradiation. The authors found that whilst vacuum packaging delayed oxidation, irradiation actually accelerated lipid and protein oxidation of the thigh meat.




5. Oxidation of Non-Lipid Feed Components


It is a common misconception that only the lipid components of poultry diets are sensitive to oxidation. In reality, there are several components that are likely to either trigger oxidative reactions or, indeed, become oxidized. Although often neglected in favor of lipid oxidation, the existence of protein oxidation is well recognized [47]. Research has shown that ROS activities can modify all amino acids, with methionine, lysine, and cysteine being the most at risk [47,48]. The oxidation of cereal proteins has also been reported, though this is generally in the context of food science. Protein oxidation has been studied in wheat [48], soy [49], and rice [50], where modifications to the conformation of protein structures result in the formation of protein polymers and aggregates, causing substantial changes in functionality and solubility [23]. Little has been written about protein oxidation in the context of animal feed; however, from the human food literature, it is clear that the nutritional value of proteins that have undergone oxidative processes will be significantly diminished [50]. Furthermore, protein oxidation is thought to antagonize lipid oxidation and vice versa [51], therefore, both the risk of occurrence and the impact of protein oxidation are likely highly underestimated.



Vitamin and mineral premixes are used to supply essential/desired micro-nutrients into the diet. Metal ions such as copper, magnesium, and zinc have been shown to trigger oxidative reactions, which can subsequently cause damage to other nutrients [8,51,52]. Most at risk are molecules with antioxidant capacity such as Vitamin E (if not esterified), Vitamin C, and carotenoids, due to the sacrificial nature of antioxidant processes [8,52]. This process can be highly problematic as once these molecules have exhibited their antioxidant benefit, they become deactivated and unavailable to the bird for further nutritional purposes [53].



Spontaneous lipolysis is a phenomenon whereby endogenous plant lipases release FFA following grinding. Occasionally referred to as “New Grain Syndrome”, the reaction occurs when lipase and lipoxidase catalyze the degradation of FFA and monoglycerides, triggering lipolysis and subsequent oxidative rancidity. This phenomenon has been reported to significantly impact feed intake and cause illness when fed to livestock [54]. Whilst a few papers have been published in regard to lipolysis and its effect on swine [54,55], there is little poultry research to confirm its impact.




6. In Vivo Effects of Feed Oxidation


It has been widely demonstrated that when oxidized feed is consumed, oxidative stress within the animal will increase [53]. The effects of oxidative stress are diverse and extensive. As such, this topic has only been covered briefly. The full effects of oxidative stress in poultry have been covered elsewhere (See [53,54]).



Oxidative stress can be defined as an imbalance in the production of reactive oxygen species and the host’s capacity for antioxidant defense [55]. One of the major contributors to oxidative stress is elevated levels of free radicals. The production of endogenous free radicals is intrinsic to normal metabolic processes including cell respiration, phagocytosis of foreign bodies, lipid synthesis, and metal metabolism. In low and moderate numbers, free radicals play a number of beneficial roles [56,57,58]. However, when free-radical production overwhelms intrinsic antioxidative defenses in the body, oxidative stress may occur. Oxidative stress is a damaging process that affects several cellular structures including membranes, lipids, proteins, lipoproteins, and DNA [56]. Polyunsaturated fatty acids (PUFA) are at particular risk: Oxidative damage to PUFA is classified as lipid peroxidation. This process is particularly damaging as it triggers a self-perpetuating chain reaction. At higher levels, indiscriminate damage to biological molecules including cytotoxicity, genotoxicity, carcinogenesis, and cell death (tissue damage) may occur [4,57,59].



An example of lipid peroxidation is when hydroxyl radicals and peroxynitrite are present in excessive quantities in the bloodstream. This damages cell membranes and lipoproteins and subsequently leads to the formation of malondialdehyde (MDA) and conjugated diene compounds. These are known to be mutagenic and cytotoxic. Due to this process being a radical chain reaction, lipid peroxidation will promptly spread and affect large quantities of lipidic molecules [60].



Likewise, proteins damaged by oxidative stress have been found to undergo morphological and conformational changes that can cause loss and/or damage to their enzyme production and activity [59]. DNA is particularly at risk of lesions caused by oxidative stress. Nishida et al. [61] found that oxidative stress may be responsible for mutagenesis and the loss of epigenetic tagging or information. In humans, if oxidative stress is not detected and controlled, it can lead to a number of degenerative and chronic diseases such as cancer, cardiovascular disease, Alzheimer’s, Parkinson’s, multiple sclerosis, rheumatoid arthritis, kidney disease, and depression [60].



In poultry, oxidative stress has been found to be highly damaging to bird health and performance [8]. The degree of oxidative stress exerted is dependent upon the level of free radicals circulating in the body. This is controlled by antioxidants, originating both from internal and external processes and sources [27].



Poultry meat is also highly susceptible to oxidation due to the high degree of unsaturated fatty acids in the muscle lipids [19]. The oxidation of poultry meat is influenced by numerous factors including in vivo nutrition, rearing conditions, transport and slaughter stress, and physical damage during slaughter [46]. The severity of oxidation is dependent on endogenous antioxidant capacity and supplemental antioxidant provision [18].




7. Causative Factors for Oxidative Stress in Broilers


7.1. Nutrition


In broilers, diet composition is a well-cited cause of oxidative stress [8,53,62]. As previously discussed, the oil component (in particular, diets and ingredients high in PUFA) of the diet is the most prone to oxidation and is, therefore, the most prominent dietary cause of in vivo oxidative stress [54,63]. Consumption of oxidized lipids has been widely demonstrated to negatively impact broiler performance [64,65,66]. Secondary oxidation products such as aldehydes, esters, and ketones reduce the palatability of feed by inducing rancid flavors. Consequently, feed intake is reduced [53]. Furthermore, oxidized lipids and the presence of oxidized metabolites have been shown to reduce the digestibility of nutrients and detrimentally affect the morphology of the intestinal architecture [53,66]. The exact mechanism for this is unclear but is likely linked to membrane damage from free-radical reactions [65]. It has also been postulated that the dietary intake of oxidized feed may reduce the secretion of gastric enzymes and the absorption of nutrients [65].



Zhang et al. [67] report that selenium (Se) deficiencies can increase oxidative stress due to the innate antioxidant defense requiring sufficient levels to maintain antioxidant defenses. As Se is routinely added to premix, this is unusual in modern production. In a 75-day layer study, these authors investigated the effect of feeding diets lacking selenium. Using two treatments (Control—0.282 mg/kg Se and low Se—0.032 mg/kg), the study measured the total antioxidant capacity and MDA levels and found that the low-Se diet resulted in a significantly lower total antioxidant capacity and significantly increased MDA levels. Lesions were also detected on the immune organs of the low-Se birds. Juniper et al. [68] suggested that selenium supplementation in diets increases glutathione peroxidase activity in poultry muscle tissues, thereby ameliorating oxidative stress.



By contrast, oxidative stress can also be caused by dietary excess of metals such as iron and copper. Gou et al. [69] found supplemental Fe at 700 and 1400 mg/kg increased MDA levels, the activity of copper-zinc superoxide dismutase, and the gene expression of nuclear factor erythroid 2–related factor 2 (Nrf2) and zonula occludens-1 (ZO-1), while the concentration of plasma-reduced glutathione was reduced. However, when these levels are considered in addition to the background levels of metal already present in the feed, these levels are likely to be in excess of EU allowances and could be considered obsolete. Similarly, Deng et al. [70] report that dietary supplementation of vanadium (5, 15, 30, 45, and 60 ppm) induced significant increases in malondialdehyde in the blood of broilers, resulting in reduced activity of superoxide dismutase, catalase, and glutathione peroxidase. Likewise, an oversupply of copper, cadmium, and nickel chloride (in excess of NRC guidelines) has been shown to cause similar effects [71,72,73].



The presence of mycotoxins in the diet, such as aflatoxin, deoxynivalenol, and zearalenone, has also been implicated in the induction of oxidative stress [74,75]. Aflatoxins are secondary metabolites of Aspergillus flavus and Aspergillus parasiticus and are natural contaminants of cereals such as maize, oats, and barley [75]. Both in vitro [76] and in vivo [77] studies have shown that oxidative stress plays a pivotal role in the toxicity of aflatoxins due to the production of ROS. The consequences of this process have been shown to include DNA damage, mitochondrial lesions, the uncoupling of mitochondrial oxidative phosphorylation, and the induction of mitochondrial permeability in broilers [76,77].




7.2. Physiological/Pathological Causes


Several pathogenic and metabolic diseases may be involved in the etiology of oxidative stress, the most significant of which are coccidiosis [74,78] and ascites [79]. Many systemic infections are likely to have similar effects due to the reduction of innate antioxidant defenses, resulting in a significant increase in reactive oxygen species [80,81].



Cellular glucocorticoid levels have been shown to be a reliable indicator of stress [82]. Eid et al. [83] demonstrated that injecting high levels of corticosterone (dexamethasone) led to significantly increased lipid peroxidation of broiler tissues. This implies that various management practices increasing corticosterone levels in the body, including transport, heat stress, harvesting, vaccination, and high stocking densities, may all contribute to oxidative stress [64].



Although not a direct cause, it has been widely reported that heavy genetic selection for increased growth of modern broilers may predispose them to oxidative stress [53]. The mechanism for this is thought to be similar to exercise-induced oxidative stress in humans [84,85], whereby the increased metabolism induced by physical exercise can substantially increase lipid peroxidation.




7.3. Environmental Causes


Temperature is one of the most widely cited causes of oxidative stress in broilers [8,53,54]. Heat stress causes a redox imbalance between pro- and antioxidants, with higher levels of prooxidants [30,84,85,86,87]. This is thought to be exacerbated by the body temperature and metabolism of birds being naturally higher than mammals. Ongoing exposure to either low or high temperatures has been shown to decrease innate antioxidant concentrations (such as vitamins) in broilers [87,88]. In turn, this has been reported to increase the occurrence of lipid oxidation in plasma and tissue in combination with cell membrane damage [89]. Wei et al. [90] suggest that cold stress may be equally as damaging as heat stress. When broiler heart tissue was exposed to cold stress, the study showed a significant reduction in innate antioxidant defenses and significantly increased concentrations of MDA and, ultimately, cardiac tissue damage.



Ammonia exposure is also reported to be a potential causative factor. Zhang et al. [89] demonstrated that ammonia exposure increased the activity of creatine kinase and decreased the activity of serum T-superoxide dismutase, thus inducing oxidative stress. This is likely to be relevant in situations where the ammonia levels in poultry housing are above the maximum recommended levels of 25 ppm.





8. The Effects of Oxidative Stress


The effects of oxidative stress are numerous and wide-ranging. In addition to downstream effects such as meat quality, as covered in Section 4, oxidative stress can also affect performance, gut health, and general health status. The following subsections provide an overview, but due to the breadth of effects associated with oxidative stress, it is by no means exhaustive.



8.1. Performance


One of the initial and most common effects of oxidative stress is the loss of growth performance [53]. Various mechanisms for this effect have been suggested. Mishra and Jha [86] report that oxidative reactions can result in the synthesis of nitric oxide synthases (NOS), which subsequently metabolize arginine and citrulline to form nitric oxide radicals. Whilst nitric oxide radicals are vital for various cellular functions including neurotransmission and immunomodulation, overproduction has been shown to impair intestinal mucus membranes, which, in turn, reduces nutrient digestibility.



A strong correlation exists between compromised total antioxidant capacity and reduced growth performance [91] (Table 2). Tawfeek et al. [91] demonstrated that when birds are exposed to heat stress, the total antioxidant capacity is reduced in line with a loss in performance compared to a thermo-neutral control, which may suggest that the performance loss is a consequence of the loss of antioxidant capacity in addition to the typically reduced feed intake generally observed. Similarly, Li et al. [92] reported that when exposing broilers to environmental stress (via high stocking density), serum MDA significantly increased with a significant drop in BWG and FI and significantly increased FCR compared to the control kept at a normal stocking density.



Liang et al. [94] demonstrated that the consumption of oxidized soybean oil (peroxide value of 7.05 meq/kg) significantly reduced the total antioxidant capacity and performance of broilers (BWG, FI, and FCR). Erdogan et al. [71] demonstrated that oxidative stress was induced with cadmium supplementation via the drinking line (25 mg/L for 6 weeks), serum MDA was significantly increased, and performance decreased.




8.2. Gut Health


Modern birds can absorb enormous quantities of nutrients via the intestinal epithelium if all processes and structures in the gut work efficiently. However, the intestinal mucosa is susceptible to damage and oxidative stress, especially as it is the first contact with ROSs consumed in the diet. Oxidative stress has been shown to not only change cellular processes, but also intestinal barrier function [89]. Although Zhou et al. [97], Tan et al. [98], and Dong et al. [99] found that broilers fed oxidized oils had no significant changes in jejunal and ileal morphology compared to control birds, the mRNA expression of the tight junction function markers occludin and claudin-1 was downregulated by the consumption of oxidized feeds. At the same time, the production of inflammatory markers including IL-22, IgA, and lysozyme was increased. Studies suggest that interaction between the mucosa and enteric microbes can result in the production of reactive oxygen species and, consequently, oxidative stress [69,70,100,101,102,103,104] (Table 3).



Damage caused to the intestinal epithelium can destroy the barrier function and tight junctions, a condition called “leaky gut”, which makes the gut vulnerable to pathological disease and the host open to systemic infection of the gut microbiota [105]. This is likely to be exacerbated in heat-stressed birds due to increased circulating levels of fluorescein isothiocyanate–dextran (FITC-D) in the serum, which has been shown to increase intestinal permeability [106].



Oxidative stress can also affect the composition and functionality of the intestinal microbiome [107]. Gou et al. [69] reported that excess Fe-induced oxidative stress changed the cecal microflora, reducing the similarity coefficient versus a non-stressed control to less than 65%. Similarly, broilers receiving diets formulated with oxidized oil showed clear separation of cecal beta diversity compared to control birds fed non-oxidized diets [94], and the cecal microbiome of laying hens fed oxidized fish oil was shifted at the phylum level by favoring Bacteroidetes at the expense of Firmicutes [107], a change that is often associated with poor nutrient digestibility.



These changes to the microbiome are unlikely to be beneficial to bird health and performance, as anaerobes thrive in the presence of electron acceptors such as free radicals, meaning oxidative stress can increase the possibility of potentially pathogenic bacteria reaching systemic circulation and has been linked to conditions such as necrotic enteritis [108,109]. Increased gut permeability has been linked to lameness in poultry, and Tabler et al. [110] report that gut microbes colonize microfractures in bone, causing infections such as femoral head necrosis and bacterial chondronecrosis with osteomyelitis.




8.3. Inflammation


It has also been proposed that oxidative stress can be linked to inflammation, and via this mechanism, may be involved in the etiology of numerous diseases and health challenges. Inflammation is a biological response to harmful stimuli, be this from pathogens, injury, toxins, or stress. It has been demonstrated that oxidative stress in humans plays an essential role in the development and perpetuation of inflammation [111]. When inflammation occurs, ROSs such as nitric oxide are produced, offering antimicrobial properties [112]. However, within the intestinal lumen, nitric oxide is converted to nitrite. It has been found that E. coli favors nitrite-rich environments due to the presence of nitrite reductase genes [113]. Jiang et al. [114] found that there was a significant correlation between increased levels of ROSs and high E. Coli populations in the intestines of weaned piglets with diarrhea. This may suggest that increased levels of oxidative stress may be involved in the etiology of various enteritis infections in addition to other diseases.




8.4. Other Effects


Oxidative stress has been broadly shown to cause damage to DNA [115,116,117]. In broilers, this is often associated with mycotoxin exposure. Deoxynivalenol (DON) has been found to cause a phenomenon called ribotoxic stress, whereby DON attaches to ribosomes, thus inhibiting protein synthesis [117]. It is thought that DON triggers the production of free radicals and ROSs within the cell, leading to substantial damage to the cell membrane and DNA.



In broilers, Frankic et al. [115] found that DON exposure led to a significant reduction in total antioxidant capacity and significantly increased damage to the DNA of spleen leukocytes compared to a control with no mycotoxin exposure. It is believed that such damage can substantially impair immune function.



It has been suggested that oxidative stress plays a contributory role in the presentation of ascites in broilers [118]. Ascites (also termed pulmonary hypertension) is characterized by increased pulmonary artery pressures, right ventricular hypertrophy, right heart failure, and eventually death [119]. It has been shown that the levels of key antioxidants, including tocopherols and glutathione, are significantly reduced in birds with ascites compared to healthy birds, indicating the antioxidant system is under pressure [120]. Bottje et al. [120] found that giving broilers a 15 mg a-tocopherol implant before exposure to ascites significantly reduced ascites-induced mortality. However, it is also of note that several other studies did not find the same beneficial results of dietary supplementation of vitamin E.





9. Mitigating Feed Oxidation


Antioxidants have been shown to significantly prevent or reduce the occurrence and rate of oxidative reactions in poultry feed [8]. Different categories exist based on their active components. Numerous compounds have been found to have antioxidant properties. However, for the purpose of this review, only the most commonly used in poultry nutrition have been discussed.



9.1. Synthetic Antioxidants


Butylated hydroxytoluene (BHT), butylated hydroxyanisole (BHA), and propyl gallate (PG) are likely the most-used antioxidants in the animal feed industry [8,53]. BHT is a hindered phenol in which the phenolic ring contains di-tert-butyl groups that are highly effective as a primary antioxidant [121]. BHT is monophenolic, fat soluble, and stable at high temperatures, making it useful in feed that requires processing (Figure 3). BHT acts by preventing the propagation of peroxyl radicals, thereby preventing reactive chain reactions before they can start. The European Commission limits the inclusion of BHT to 150 g/t in the final feed [122]. BHT works by preventing the propagation of peroxy radicals, thus preventing self-perpetuating chain reactions [123].



Similar to BHT, BHA is a fat-soluble antioxidant (Figure 3). BHA is highly heat stable, making it highly desirable for feed undergoing pelleting or extrusion. Similar to BHT, BHA is a primary antioxidant, preventing the propagation of peroxyl radicals and, consequently, inhibiting reactive chain reactions [121]. Similar to BHT, The European Commission limits the inclusion of BHA to 150 g/t in the final feed [122]. In combination, BHT and BHA act as chain-reaction terminators and are particularly effective at preventing the lipid oxidation of fats/oils present in broiler diets.



Propyl gallate (PG) is a free-radical scavenger and is widely used across the food and animal-feed sector (Figure 4). Though no detrimental effects have ever been reported at standard inclusion rates, the European Commission has imposed a maximum inclusion of 100 g/t in the final feed. There is limited research showing some carcinogenic activity and possible liver damage at high doses [123,124]. PG is often used in combination with BHT and/or BHA due to synergy and extended oxidation protection from the combination of substances [53,125]. PG interrupts free-radical propagation by scavenging free radicals to stabilize the unstable molecules [126].




9.2. Natural Antioxidants


There are numerous natural substances that have been demonstrated to exert antioxidant effects on food and feedstuffs. This area has been well reported previously by Fellenburg and Speisky [8] and Pashtetsky et al. [127], among others; therefore, a detailed description of the structure and function of primary natural antioxidants is outside the scope of this review.



Vitamin E (Figure 5) falls into the category of fat-soluble vitamins and exists in eight distinct natural chemical homologues—alpha, beta, gamma, and delta tocopherol and alpha, beta, gamma, and delta tocotrienol (synthetic forms also exist). Vitamin E is an essential vitamin, so it us generally added to livestock diets routinely via the premix. Dietary vitamin E is generally supplied in esterified form, which does not contribute to antioxidant defense. However, when oxidation occurs, vitamin E will be sacrificed to try and prevent oxidative reactions. Vitamin E can be recycled via other antioxidants such as ascorbic acid [128]. Vitamin E is readily oxidized, and oxidation is accelerated by exposure to heat, moisture, copper, iron, or oxidized feed. Once tocopherols have been utilized as an antioxidant, they become inactive and cannot contribute to the animal’s dietary requirements. The effects of vitamin E in poultry diets have been well documented elsewhere (see [129,130,131]).



α-tocopherol is the most bioavailable form of Vitamin E, and the only form that can be absorbed and re-excreted via the liver of the animal. α-tocopherol has also been widely shown to have in vivo antioxidant activity [130,131]. All other forms are metabolized and excreted. However, during metabolism, other forms (particularly delta and gamma tocopherols) can play important role in preventing oxidative reactions.



Consumption of oxidized feed has been shown to reduce the antioxidant capacity of the animal to mitigate oxidative stress [132]. It has been demonstrated that when diets are rich in unsaturated fatty acids (6% linseed or 10% fish oil), if the provision of dietary vitamin E is insufficient, the levels of vitamin E in the tissues become strongly depleted, whilst the levels of lipid peroxidation are significantly increased [133,134,135].



Vitamin E has been widely shown to be important in the reproductive performance of broiler breeders [134]. Urso et al. [135] demonstrated that supplementing female breeders with 120 mg/kg of vitamin E resulted in increased hatchability compared to 30 mg/kg of vitamin E.



In male breeders, the plasma membrane of avian spermatozoa contains a high proportion of polyunsaturated fatty acids [136]. In combination with age-related reductions in the antioxidant capacity of the seminal fluid, this renders the sperm highly susceptible to lipid peroxidation when exposed to reactive oxygen species [135,136,137]. Khan et al. [137] demonstrated that supplementary vitamin E (100 IU/kg feed) resulted in improved total antioxidant capacity, amongst other improvements in seminal traits.



Vitamin E is effective at preventing the oxidation of both saturated and unsaturated fats [130,136,138]. Unlike other antioxidant compounds, it has been suggested that Vitamin E may lose efficacy when used at very high inclusion rates in some species [136]. The reason for this is poorly understood.



Citric acid is primarily a metal chelator and, as such, is highly beneficial when added to premixes containing metal ions such as copper, iron, magnesium, and zinc [139,140]. Rather than directly acting as an antioxidant, citric acid binds metals by making them soluble and thus prevents ongoing oxidative reactions [140]. As citric acid has been used in both human and animal nutrition for many years, its use has been widely demonstrated to be safe and non-toxic.




9.3. Polyphenols


Numerous polyphenols have been suggested to possess antioxidant properties. Polyphenols are secondary plant metabolites produced by plants as a protective mechanism [132]. Polyphenols can be divided into flavonoid and non-flavonoid types. Flavonoids form the largest group of polyphenols, with over 4000 identified [132]. Whilst many polyphenols have been shown to exert antioxidant effects, the mechanism for their activity is poorly understood. The bioavailability of such compounds is generally considered low. Faria et al. [141] reported that, in general, only 5–10% of most polyphenols can be absorbed in the small intestine.



Rosemary is a herb belonging to the Lamiaceae family, which contains a number of phenolic compounds including carnosol, rosmarinic acid (Figure 6), carnosic acid, and rosmanol. Its antioxidant effect comes from the presence of hydroxyl groups in these phenolic compounds [142]. In addition to being a potent antioxidant, rosemary has also been shown to act as an effective chemo-preventer, antimicrobial, and anti-inflammatory component [142,143]. Rosemary extract has been shown to be highly effective in protecting feed and feed ingredients and is effective in both saturated and unsaturated matrices [144].



Whilst many polyphenolics and plant extracts have been shown to exert antioxidant effects, it is worth considering the complexities surrounding their use. It has been demonstrated that many plant extracts are poorly absorbed in vivo, and often only low or undetectable levels can be recovered from target tissues. These can vary greatly, depending on the chemical composition extraction technique. This is well reviewed elsewhere in detail and so has been excluded from this paper [143,144].





10. Mitigating the Effects of Oxidative Stress in Poultry


10.1. Endogenous and Exogenous Antioxidants


The processes referred to by the umbrella term “endogenous antioxidant activity” are the innate mechanisms within a host that can prevent or inhibit the damaging effect of excess free radicals [143,145]. The most common method of categorizing endogenous antioxidant activity is either enzymatic or non-enzymatic. Superoxide dismutase, catalase, glutathione peroxidase, and glutathione reductase are the major enzymatic antioxidants [53]). (Figure 7)



Enzymatic antioxidant activity works via the degradation and removal of free radicals [53]. These processes convert reactive oxygen species to Hydrogen peroxide and then to water during a multi-step process utilizing cofactors including copper, zinc, iron, and manganese [3,53]. Non-enzymatic antioxidant processes utilize substances (generally dietary) such as vitamins C and E, plant polyphenols, carotenoids, and glutathione [56,57]. These substances interrupt the chain reactions of free radicals. When the production of reactive species overwhelms endogenous antioxidant defenses, oxidative stress occurs. However, as non-enzymatic processes are influenced by the presence of dietary compounds, the use of dietary antioxidants can provide substantial support and aid in the prevention of damage.



As dietary antioxidants are absorbed in the gut and distributed via the bloodstream, they have the potential to assert a systemic effect on the bird [8,57,135,146]. Supplementing broiler diets with antioxidant compounds has been found to exert numerous beneficial effects on poultry performance, oxidative status, and the amelioration of stress.




10.2. Effects of Antioxidants on Performance


Various dietary antioxidants have been shown to improve the performance of broilers (Table 4). De Grande et al. [147] investigated the effects of various sources of dietary zinc on the oxidative status of broilers. The study supplemented 680 broilers with 60 ppm of either zinc sulphate or the zinc amino acid complex over 36 days using wheat/rye-based diets. The study showed significantly improved FCR (1.168 compared to 1.256) for the amino acid complex treatment. Hosseini-Vashan et al. [148] investigated the effects of tomato pomace (lycopene) on the performance of broilers with and without heat stress exposure using four treatments (control thermo-neutral, control + heat stress, 3% tomato pomace (420 mg lycopene/kg feed) + heat stress, and 5% tomato pomace (420 mg lycopene/kg feed) + heat stress). The results showed that the 5% of tomato pomace resulted in a 10.3% increase in body weight gain (BWG) and a 4.6% reduction in the feed conversion ratio (FCR).



Wen et al. [157] looked at the effect of ginger extract on the performance of broilers between 21 and 42 days using three treatments (control thermo-neutral, control heat stress, and 1000 mg/kg ginger extract + heat stress). The supplementation of ginger extract resulted in an 8.8% increase in BWG and a 9.1% reduction in FCR compared to the control + heat stress, which brought the ginger extract + heat stress in line with the thermo-neutral control. Rajani et al. [150] explored the effect of antioxidants on growth performance. The study used five treatments: A control, 100 mg/kg vit E, 2000 mg/kg aspirin, 125 mg/kg synthetic AOX (BHT, PG and ethoxyquin), and 15,000 mg/kg pomegranate peel). Over 42 days, the study resulted in the synthetic antioxidant showing a significantly increased BWG and a significantly reduced FCR compared to the other treatments and control.



Similar results have been reported for the use of selenium: Alian et al. [151] used four treatments to investigate the effect of selenium on the performance of broilers. Over 42 days, the authors fed day-old broilers either a control or 0.3 mg/kg of three different sources of selenium. Nanoselenium resulted in a 6.2% increase in BWG and a 10.9% reduction in the FCR compared to the control. It is of note that the mechanisms of nano-selenium are poorly understood.



Heat stress has been extensively demonstrated to have detrimental effects on bird performance [146,148,157]. However, in recent years, there has been substantial research demonstrating the benefits of dietary antioxidants to help mitigate poor performance in heat-stressed situations.




10.3. Effects of Antioxidants on Oxidative Status


Dietary antioxidants have been widely shown to positively impact the oxidative status of broilers (Table 5). Comparing results for oxidative status is difficult due to the large array of assays used to assess oxidative status, as well as the numerous dietary antioxidants. Therefore, an overview of potential effects and supplements has been provided.



Cheng et al. [158] investigated the effect of vitamin E on the oxidative status of stressed broilers. The study used four treatments (control, immunosuppressed control (Cyclophosphamide injection), 20 IU natural alpha tocopherol + immunosuppressed, and 20 IU synthetic alpha tocopherol + immunosuppressed). The use of both forms of tocopherols significantly improved the total antioxidant capacity of the birds and reduced the malondialdehyde content of the liver.



This is supported by the work of Karadas et al. [159], which compared the effects of various antioxidants in broiler diets including 200 mg/kg of vitamin E (Natural Alpha tocopherol), 0.5 mg/kg selenium, 100 mg/kg of 5% lutein, 100 mg/kg of 5% lycopene, and 25 mg/kg of 10% canthaxanthin compared to a control. The study revealed that all the treatments significantly improved the total antioxidant capacity of the birds compared to the control, and vitamin E and selenium supplementation resulted in a significant increase in the total carotenoid concentration in the plasma.



Malondialdehyde is a secondary product of oxidation and, therefore, can be used to indirectly quantify oxidative status. De Grande et al. [147] investigated the effects of dietary zinc on the oxidative status of broilers. The study supplemented 680 broilers with 60 ppm of either zinc sulphate or the zinc amino acid complex over 36 days using wheat/rye-based diets. On day 36, plasma malondialdehyde and glutathione peroxidase activity were measured, revealing that the zinc amino acid complex significantly reduced both oxidation markers (MDA levels (15.08 mmol/L compared to 16.72 mmol/L) and glutathione peroxidase activity (0.60 compared to 0.72 µmol/min. mL)). The results of Ouyang et al. [163] also showed the potential to reduce malondialdehyde levels in broilers with the use of alfalfa flavonoids at 15 mg/kg.



Chestnut wood extract is a source of tannic acid and has also been shown to reduce malondialdehyde levels in broilers [162]. Tannins are secondary plant metabolites, which can be divided into two distinct groups: Condensed tannins and hydrolyzable tannins. Condensed tannins are renowned antinutrients, shown to decrease protein digestibility via protein precipitation [163]. However, there is evidence that hydrolyzable tannins may have beneficial effects on the growth of broilers [163]. Likewise, hydrolyzable tannic acid has been widely shown to be an effective antioxidant in poultry [164,165,166,167]. In a 42-day study, Liu et al. [162] studied the effect of the chestnut wood extract on the antioxidant status and meat quality of broilers. One hundred and sixty-eight Arbor Acres broilers were divided into three treatments: A control (corn/soy diet), control + antibiotic (chlortetracycline 75 mg/kg), and control+ chestnut wood extract (1000 mg/kg). The chestnut wood extract demonstrated remarkable results, with significant increases in broiler performance compared to the control and antibiotic treatments. Likewise, total antioxidant capacity, glutathione peroxidase, and superoxide dismutase were all higher in breast and thigh tissue and serum for the chestnut wood extract compared to the other two treatments. There was no detrimental effect on meat quality, and the study showed no differences between the treatments for meat quality.



Rosemary extract is an effective antioxidant. Akhavast and Daneshyar [160] investigated the effect of dietary rosemary extract supplemented in broilers at, 1.5, 3, and 6 mL/L of drinking water. Two hundred and twenty birds were used for the study over 42 days. The birds were dosed with sodium nitrite to induce oxidative stress. The results of the study showed that the sodium nitrite caused significant performance reductions in the control group; however, this was mitigated by all the treatment levels of rosemary extract. Likewise, the total antioxidant capacity of the control birds was significantly reduced compared to birds supplemented with 3 or 6 mL/L of water, demonstrating that supplementing rosemary extract at 3 mL/L or more was able to mitigate the oxidative stress effects of sodium nitrite exposure. The results of Yildirim et al. [161] agree and also found significant improvements in antioxidant enzyme levels in birds supplemented with either 100 or 200 mg/kg of rosemary ethanol extract.




10.4. Effects of Antioxidants on Stress Parameters


Broilers can experience stress from numerous causes, including temperature stress, transportation, and high stocking densities. Oxidative stress has been widely associated with the occurrence of environmental stress, mainly due to the increased circulating levels of corticosterone (Table 6).



It has recently been demonstrated that supplementing broilers with chromium can have a protective effect against oxidative stress in heat-stressed broilers (Table 6). Sahin et al. [168] studied the effect of supplementing broilers with different sources of chromium whilst exposed to heat stress. The authors used 1200 10-day-old Ross 308 broilers divided into sic treatments (2× environmental temperatures and 3× diets—control, chromium (chromium picolinate or chromium Histidine) 200 µg/kg). Birds were kept at thermoneutral temperatures of either 22 °C or at 34 °C for 8 h a day until 42 days of age. The results of the study showed that both chromium sources partially alleviated the negative effects of heat stress seen in the heat-stressed control treatment; however, CrHis delivered a significant improvement in both performance and oxidative stress parameters. Glutathione levels in the muscle and liver were significantly reduced with CrHis supplementation. The authors suggest that chromium in its amino acid form (CrHis) is more effective due to increased bioavailability.



Rosemary extract has also been shown to help mitigate heat stress in broilers. Tang et al. [37] studied the effects of rosemary extract (3%) in broilers. These authors found that rosemary supplementation could significantly reduce damage to the cardiac muscle during exposure to heat stroke (in vitro methodology). Furthermore, circulating levels of malondialdehyde were significantly reduced in the rosemary-supplemented birds.



Forsythia suspensa extract (FSE) is routinely used in Chinese medicine and has previously been shown to exert antioxidant properties and is routinely used as such in Chinese medicine [169]. FSE has been demonstrated to reduce oxidative stress in broilers subjected to heat stress, high stocking density, and corticosterone [77,169]. Pan et al. [169] reported that FSE can attenuate tissue damage in the breast muscle of broilers subjected to oxidative stress. In a 2 × 2 factorial study, the authors compared birds supplemented with FSE at 100 mg/kg to a control and birds supplemented with FSE (100 mg/kg) subjected to transport stress and a control subjected to transport stress. Transport-stressed birds were transported for 3 h at ~27 °C with six birds in a crate without food or water. Control birds also had food and water withheld for this period. The results showed that the control transport-stressed birds suffered significant weight loss and increased serum levels of corticosterone and lactate, as well as increased MDA levels (1.5 nmol/mg protein compared to 1.1 nmol/mg protein) compared to the FSE transport-stressed group. The control transport-stressed group also had a reduced ability to scavenge DPPH radicals compared to the FSE transport-stressed group. Overall, the control transport-stressed birds showed a higher incidence of oxidative breast tissue damage (60% compared to 40% in the control) and showed significantly reduced total antioxidant capacity (1.18 U/mg protein compared to 1.3 U/mg protein in the FSE transport-stressed group) and glutathione peroxidase activity (7.5 U/mg protein compared to 9.1 U/mg protein in the FSE transport-stressed group), which was ameliorated by FSE supplementation.




10.5. Effect of Antioxidants on Gut Health


Supplementation of various antioxidants has also been shown to ameliorate some of the gut-health effects associated with oxidative stress (Table 7). Sarsour and Persia [170] investigated the effect of sulfur amino acid supplementation on heat-stressed broilers using four treatments (thermo-neutral control, heat-stressed control, thermo-neutral + 30% additional sulfur amino acids, and heat stress + 30% additional sulfur amino acids). The study found that supplementation of sulfur amino acids resulted in significantly improved oxidative status during heat stress. Likewise, the supplementation of sulfur amino acids resulted in improved intestinal permeability under heat-stress conditions.



Chen et al. [171] studied the effect of selenium methionine and selenium selenite sources on broilers subjected to fluorine-induced chronic oxidative stress. Using four treatments (negative control, positive control, positive control + selenium methionine 0.203 mg/kg, and positive control + 0.198 mg/kg selenium selenite), the authors assessed the oxidative status and the effect of the two selenium sources on intestinal permeability. The results showed that both types of selenium were able to significantly reduce malondialdehyde levels in the duodenum and jejunum compared to the positive control. Likewise, selenium supplementation significantly reduced the fluorine-induced damage to tight junctions, thus reducing intestinal permeability. In both cases, selenium methionine performed slightly better than selenium selenite.



Burin [175] looked at the impact of supplementing a zinc amino acid complex in broilers exposed to heat stress. Using eight treatments (0, 20, 40, and 60 mg/kg zinc amino acid complex +/− heat stress for 21 days), the author measured oxidation products in the blood and liver and gut integrity and found that supplementation of the zinc amino acid complex significantly reduced malondialdehyde in the blood and liver and significantly improved gut integrity markers.



Lycopene has also been found to support intestinal integrity during exposure to oxidative stress. Sarker et al. [173] examined the effect of supplementing broilers with 0 or 200 mg/kg of lycopene in diets contaminated with aflatoxinB1. The 42-day study demonstrated that lycopene supplementation could significantly improve the intestinal integrity and oxidative status of birds subjected to Aflatoxin B1 contamination.



Lin and Lee [174] studied the effect of Laetiporus sulphureus fermented products. Using five treatments (control, control + 5% wheat bran, Control + 5% Laetiporus sulphureus, Control + 10% wheat bran, and control + 10% Laetiporus sulphureus), the study ran for 35 days under normal commercial environment conditions. The results showed that 5% Laetiporus sulphureus supplementation demonstrated significantly increased endogenous antioxidant activity and significantly reduced malondialdehyde in the serum. Likewise, the tight-junction mRNA expression in the jejunum showed that 5% Laetiporus sulphureus resulted in significantly elevated expression of claudin -1 and occludens -1 compared to the other treatments. Furthermore, 5% Laetiporus sulphureus also significantly increased the villus height in the ileum and jejunum.




10.6. Effect of Antioxidants on Meat Quality


Just as dietary factors have been shown to influence oxidative meat quality, various dietary antioxidants have been found to help mitigate the impacts of oxidation on meat quality. It is important to mention that the number of papers discussing this topic is substantial, so only a brief overview of the research has been included. Interestingly, the majority of research on this topic concentrates on natural and phenolic antioxidants [38,40,57] (Table 8). The reason for this is unclear; however, it is possible that this reflects the industry’s move towards naturally derived antioxidants over their synthetic counterparts.



Early work on this topic tends to concentrate on the effect of vitamin E supplementation on meat quality. Sheehy et al. [176] demonstrated that dietary supplementation of vitamin E (alpha-tocopherol acetate) led to increased deposition of vitamin E in meat. However, Brandon et al. [177] found that deposition in meat was dependent on the length of supplementation, finding that the levels of vitamin E in meat increased in line with the number of weeks the birds were supplemented for.



The a-tocopherol content of meat has been found to determine the rate and extent of lipid oxidation, as elucidated by Morrissey et al. [178]. Studies on both swine and broilers have consistently demonstrated that the stability of meat can be significantly influenced by dietary supplementation. Sheehy et al. [176] studied the impact of supplementing broilers with either 5, 25, 65, or 180 mg/kg of alpha-tocopherol acetate during the rearing period. This study showed that the oxidative stability of both raw and cooked leg meat was significantly improved by the higher inclusion rate of alpha-tocopherol acetate (65 and 180 mg/kg) during frozen storage.



Vitamin E has also been shown to improve meat quality in birds subjected to oxidative stress. Gao et al. [34] studied the effect of 20 and 200 mg/kg of alpha-tocopherol acetate. At 35 days of age, a subsection of each treatment was injected with dexamethasone 2 mg/kg of body weight to induce oxidative stress for the next 6 days. The study found that the birds supplemented with a higher inclusion rate of alpha-tocopherol acetate did not have their growth suppressed as much as those on the low dose, and the TBA levels in the muscle were significantly lower. The authors also found that the levels of superoxide dismutase were significantly higher in meat 48 h post-mortem, suggesting improved antioxidative protection in the meat.



More recent work [174] found that dietary supplementation of vitamin E actually upregulates the expression of antioxidant enzyme genes. Niu et al. [179] supplemented broilers with 0.100 and 200 mg/kg of alpha-tocopherol acetate over 42 days. The results showed improved total antioxidant capacity in the breast meat, and the mRNA expression of superoxide dismutase and glutathione peroxidase in the liver was linearly increased with the dose rate.



Cui et al. [39] executed a trial to investigate the efficacy of Moringa oleifera at 0, 1, 2, 5, 10, and 15% dietary inclusion. The effect of supplementation on body weight actually decreased BW and ADG; however, there was a linear decrease in MDA levels in the breast muscle during storage, and meat color was likewise improved. Wen et al. [149] studied the effect of betaine inclusion (1000 mg/kg) under heat-stress conditions. The betaine significantly improved breast meat color and tended (p < 0.1) to reduce drip loss and significantly increased the glutathione content and reduced MDA levels in breast meat. Similar results were found by Zhao et al. [41] when supplementing broilers with Eucommia ulmoides leaf (500 and 1000 mg/kg), again under heat-stress conditions. Supplementation at 1000 mg/kg was able to significantly reduce drip loss, bringing the result in line with the control (non-heat-stressed birds). Furthermore, both doses of Eucommia ulmoides leaf significantly reduced drip loss and cooking loss compared to the negative control (heat-stressed birds). MDA and T-AOC were also significantly reduced in breast meat in line with the increased dose rate.



Various oligosaccharides have also been found to be beneficial to meat quality. Chang et al. [155] studied the effects of chitosan oligosaccharides (COS, 200 mg/kg under heat-stress conditions). These authors found that COS significantly reduced MDA content and cooking loss % in breast meat and increased antioxidants (glutathione peroxidase and superoxide dismutase) in meat. Likewise, Dev et al. [180] investigated the effects of mannan-oligosaccharides (MOS) (0.1–0.2%) in combination with Lactobacillius acidophius (LAB) (106 CFU/g feed −107 CFU/g feed). This study found that the water-holding capacity and extract release volume were significantly increased with the 0.2% MOS and LAB 106 CFU and 0.2% MOS and 107 CFU LAB treatments.



Vitamins and minerals have also been shown to be beneficial to meat quality. Leskovec et al. [181] looked at supplementing broilers with alpha tocopherols (200 IU/kg), ascorbic acid (250 mg/kg), and selenium (0.2 mg/kg). This study demonstrated that alpha-tocopherols and alpha tocopherols in combination with ascorbic acid and selenium significantly increased alpha-tocopherol concentrations in the meat and significantly reduced MDA levels



Nano selenium has also been shown to support meat quality. Cai et al. [182] supplemented broilers with 0, 0.1, 0.3, 0.5, 1.0, and 2.0 mg/kg of nano selenium. The results indicated that 0.3 mg/kg significantly increased glutathione peroxidase activity in muscle (and that drip loss % improved in line with an increasing dose of nano-selenium). Furthermore, the T-AOC was significantly increased compared to the untreated control; however, while all doses demonstrated significant increases over the control, it was the 0.5 mg/kg dose that was found to deliver the highest T-AOC. The authors conclude that nano-selenium could be a valuable tool in supporting meat quality, and that a dose of between 0.3 and 0.5 mg.kg appears optimal.



Lu et al. [183] studied the impact of manganese supplementation (0, 100, and 200 mg/kg) in broilers. This study demonstrated that manganese significantly upregulated superoxide dismutase in the muscle, while also reducing MDA in the leg muscle. Interestingly, this effect did not carry over to breast meat.
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Table 8. The effect of dietary antioxidants on meat quality.
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	Author
	Antioxidant
	Effect





	Sheeshy et al. (1993) [176]
	alpha-tocopherol acetate 5, 25, 65, 180 mg/kg
	65 and 180 mg/kg significantly improved the stability of raw and cooked meat during frozen storage



	Niu et al. (2017) [179]
	alpha-tocopherol acetate 0, 100 and 200 mg/kg
	Increased TAC in breast meat, linear increase with dose of mRNA expression of SOD and GSH-Px



	Cui et al. (2018) [39]
	Moringa oleifera 0, 1, 2, 5, 10 and 15%
	Inclusion of antioxidant (Moringa oleifera) reduced MDA in breast meat and significantly increase Plasma T-AOC linearly in line with dose



	Wen et al. (2019) [150]
	Betaine 0, 1000 mg/kg under heat stress
	Betaine significantly reduced MDA in meat and significantly increased SOD, glutathione and glutathione peroxidase in meat



	Zhao et al. (2019) [41]
	Eucommia ulmoides leaf 500 and 1000 mg/kg feed, under heat stress
	Inclusion of 1000 mg Eucommia ulmoides leaf significantly reduced cooking and drip loss % and MDA in the meat. Increased saturated fatty acids in breast meat.



	Shen et al. (2019) [153]
	Bamboo leaf extract (0, 1, 2, 3, 4, 5 g/kg feed)
	Drip loss linearly improved in line with dose, shear force significantly reduced with 2 and 3 g/kg of bamboo leaf extract. MDA linearly reduced in meat in line with dose



	Turcu et al. (2020) [175]
	Grape pomace 0, 3, 6% white grape and 0, 3, 6% red grape
	Reduced TBARS in thigh meat with all grape pomace treatments. 3% white grape pomace significantly reduced TBARS in breast meat



	Chang et al. (2020) [155]
	Chitosan oligosaccharide 200 mg/kg under heat stress
	Reduced MDA, cooking loss %, increased glutathione peroxidase and superoxide dismutase in meat



	Lu et al. (2019) [183]
	Taurine 5 g/kg under heat stress
	Reduced MDA and drip loss % of meat. Reduced circulating levels of ROS



	Leskovec et al. (2019) [181]
	Alpha-tocopherols 200 IU/kg, ascorbic acid 250 mg/kg, selenium 0.2 mg/kg or combination
	Alpha-tocopherols and alpha tocopherols combined with SE and ascorbic acid significantly increased a-tocoherol content in breast meat and significantly reduced MDA. No effect of ascorbic or Se alone.



	Dev et al. (2020) [180]
	Lactobacillius acidophius (LAB) 106 CFU/g feed −107 CFU/g feed and mannan-oligosaccharides (MOS) 0.1–0.2%
	Water holding capacity and extract release volume significantly increased with 0.2% MOS and LAB 106 CFU and 0.2% MOS and 107 CFU LAB.



	Adeyemi et al. (2021) [184]
	Morinda lucida leaf powder 0.1, 0.1%, BHA 0.02% BHA
	Reduced TBARS and drip loss with all antioxidant addition. No significant difference between BHA and Morinda lucida



	Lu et al. (2007) [185]
	Manganese 0, 100, 200 mg/kg
	Mn significantly upregulated superoxide dismutase. Reduced MDA in leg muscle



	Cai et al. (2012) [182]
	Nano-selenium (0, 0.3, 0.5, 1.0, 2.0 mg/kg)
	Significantly increased glutathione peroxidase activity in muscle (0.3 mg/kg), significantly improved drip loss % in line with increased dose, and significant increase in T-AOC compared to untreated control.










11. The Future of Antioxidant Supplementation and Prevention of In Vivo Oxidative Tress


During the present review of the established literature, it is very clear that there is still much to learn regarding this topic. The effects of oxidative stress continue to be identified as research continues, and due to oxidative stress affecting factors such as DNA, it is unlikely that we will fully understand this topic in the near future. The same is true of antioxidant compounds, particularly when phytogenic and botanic compounds are considered. Looking at the literature of simply the past five years, the number of novel compounds investigated is substantial. This also offers hope for the future of managing oxidative stress in commercial broilers and suggests we may be able to improve the health and welfare of commercial production birds moving forward.



It is also worth approaching the issue of oxidative stress from an alternative viewpoint. Oxidative stress is frequently caused by other factors such as environmental stress or disease. As such, improved management of these factors will also mitigate oxidative stress in the bird. This can also be applied to oxidative stress caused by oxidized feed. As oxidation cannot be reversed, preventing it in the first place is a key consideration. Improved handling, storage, and transport of raw materials that are sensitive to oxidation can substantially reduce the occurrence of oxidation. Therefore, concentrating research on stabilizing raw diet materials upon production or processing is key. Reducing exposure to oxygen, moisture, and light is known to prevent oxidation; however, this may not be feasible in current production systems. Continuing awareness and consideration of these factors can all help the industry move toward improved practice.




12. Conclusions


It is clear from the literature reviewed that oxidation presents a significant challenge to broiler production and can negatively impact many health and production parameters. The use of dietary antioxidants can provide two-fold benefits by not only protecting the feed from oxidation, thus preserving its vital nutrients and potentially prohibiting potential nutrient deficiencies, but also by exerting in vivo effects, protecting the animal from oxidative stress.



Scientific research has demonstrated the potential of various nutritional compounds to mitigate elements of oxidative stress and its associated production challenges, promoting optimal performance. However, the large assortment of commercially available compounds and a wide variety of parameters that can be measured to assess their potential makes identifying an optimal solution difficult. Most research has either looked at the antioxidant effect in feed or in the animal. However, the best solution would be to identify a compound or a mix of compounds that can both stabilize feed and provide a protective effect on the animal. Therefore, further research remains key to improving scientific knowledge and supporting the livestock industry with more innovative and economically sustainable strategies to address this challenge.
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Figure 1. The process of oxidation. 
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Figure 2. Fatty-acid profiles of typical feed oils (adapted from Dow [18]). 
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Figure 3. Molecular structures of (a) BHT and (b) BHA. 
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Figure 4. Molecular structure of propyl gallate. 






Figure 4. Molecular structure of propyl gallate.



[image: Poultry 01 00022 g004]







[image: Poultry 01 00022 g005 550] 





Figure 5. Molecular structure of Vitamin E. 
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Figure 6. Molecular structure of rosmarinic acid. 
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Figure 7. The endogenous antioxidant defense system. 
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Table 1. Reported effects of oxidative stress on meat quality.
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	Authors
	Source of Oxidative Stress
	Oxidative Stress Parameter Measured
	Meat Quality Effect





	Zhang et al. (2011) [32]
	5% Oxidized animal/vegetable fat
	Thiobarbituric acid, pH, Dinitrophenylhydrazine drip loss, sarcoplasmic reticulum Ca (SERCA)
	Significant reduction in SERCA activity, Increased drip loss, reduced pH



	Griffin et al. (2017) [33]
	Normal commercial conditions
	HIF-1a
	Incidence of white stripe and woody breast on day 16



	Gao et al. (2009) [34]
	Dexamethasone 2 mg/kg of body weight
	Thiobarbituric acid, lipid peroxidation in meat, Superoxide dismutase, fatty acid composition of meat
	Significant increase in Thiobarbituric acid in muscle, lipid peroxidation significantly increased with DEX



	Voljc et al. (2013) [35]
	Linseed oil inclusion compared to palm oil
	Malondialdehyde
	Linseed oil significantly increased the malondialdehyde levels in breast meat, very significant increase during cooking



	Zhang et al. (2011) [32]
	Corticosterone (4 mg/kg of body weight)
	pH, malondialdehyde
	Higher pH, malondialdehyde levels significantly higher in meat



	Pozzo et al. (2013) [36]


	Ochratoxin
	Thiobarbituric acid
	Increased thiobarbituric acid in breast and thigh



	Tang et al. (2021) [37]
	Typical commercial metabolic levels of thioredoxin

peroxiredoxins

sulfoxide Reductase

effect when Se supplemented
	T-AOC
	Se reduced drip loss, increased pH and reduced sheer force



	Tavarez et al. (2011) [14]
	Oxidized soybean oil
	Thiobarbituric acid
	Antioxidant inclusion (ethoxyquin, propyl gallate) reduced thiobarbituric acid in breast meat and increased serum concentration of vitamins A and E



	Cui et al. (2018) [38]
	Normal commercial conditions
	Malondialdehyde, Plasma T-AOC
	Inclusion of antioxidant (Moringa oleifera) reduced MDA in breast meat and significantly increase Plasma T-AOC



	Nasr et al. (2021) [39]
	Reduced stocking density
	Cooking loss %, drip loss %, and bacterial count of breast meat
	The highest stocking density (20 birds/M2) significantly increased cooking and drip loss % and significantly increased the total bacterial count of the breast meat.



	Zhao et al. (2019) [40]
	Heat stress
	Drip loss %, Cooking loss %, MDA, and shear force in breast meat
	Heat stress significantly increased MDA, drip loss %, Cooking loss % in meat. No significant difference in shear force. Inclusion of Eucommia ulmoides leaf significantly reduced cooking and drip loss % and MDA in the meat.



	Xiao et al. (2011) [41]
	Oxidized oil
	TBARS, Carbonyls (protein oxidation), Hexanol, Pentanal
	Dietary inclusion of vitamin E (500 IU) significantly reduced lipid and protein oxidation of breast meat. Vacuum packaging delayed the onset of oxidation in the meat



	Xiao et al. (2011) [42]
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Table 2. The correlation between oxidative stress and compromised performance.
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	Authors
	Source of Oxidative Stress
	Oxidative Stress Parameter Measured
	Performance Effect





	Lin et al. (2004) [93]
	Corticosterone 30 mg/kg feed
	significantly reduced Superoxide dismutase, significantly increased Thiobarbituric acid
	significantly reduced BWG, FI, significantly increased FCR



	Erdogan et al. (2005) [71]
	Cadmium 25 mg/L via drinking line
	significantly increased malondialdehyde
	Significantly reduced BWG, FI, and increased FCR



	Tawfeek et al. (2014) [91]
	Heat stress
	significantly reduced Total antioxidant capacity
	Significantly reduced BWG, FI, and increased FCR



	Liang et al. (2015) [94]
	Consumption of oxidized oil
	Total antioxidant capacity
	Significantly reduced BWG, FI, and increased FCR



	Li et al. (2019) [92]
	High stocking density
	significantly increased malondialdehyde
	Significantly reduced BWG, FI, and increased FCR



	Wang et al. (2019) [95]
	Heat stress
	significantly increased malondialdehyde, reduced Superoxide dismutase, and Total antioxidant capacity
	Significantly reduced BWG, FI, and increased FCR



	Ahmad et al. (2020) [96]
	Heat stress
	significantly increased malondialdehyde
	Significantly reduced BWG, FI, and increased FCR
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Table 3. Reported effects of oxidative stress on gut health and function.
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	Authors
	Source of Oxidative Stress
	Oxidative Stress Parameter Measured
	Gut Health Effect





	Deng et al. (2012) [70]
	Vanadium supplementation (5, 15, 30, 45, and 60 mg/kg)
	Malondialdehyde significantly increased at 30, 45, and 60 mg/kg
	Significantly reduced levels of AOX enzymes in the intestinal tract



	Osselaere et al. (2013) [101]
	Deoxynivalenol
	Real-time-PCR of genes of interest significant upregulation of xanthine oxidoreductase
	Impaired tight junction integrity



	Gou et al. (2018) [69]
	Iron ingestion (245, 908 and 1651 mg/kg)
	Malondialdehyde significantly increased
	Reduced villi height, significant change in cecal microbiota (more potentially pathogenic varieties)



	De Souza et al. (2020) [102]
	Deoxynivalenol
	Significantly reduced Glutathione levels
	Reduced villi height, increased crypt depth, reduced goblet cells



	Panaite et al. (2020) [103]
	Normal conditions compared to an AOX treatment
	Control birds had increased malondialdehyde and reduced glutathione levels
	Lower levels of lactobacilli in the intestine



	Sun et al. (2020) [104]
	Lipopolysaccharides
	malondialdehyde significantly increased
	Reduced villi height, increased crypt depth
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Table 4. The effects of dietary antioxidants on broiler growth performance.
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	Author
	Antioxidant
	Effect





	Wen et al. (2020) [149]
	Ginger extract 1000 mg/kg 1
	Significantly increased BWG and reduced FCR



	Hosseini-Vashan et al. (2016) [148]
	Tomato pomace 3 and 5% 2
	Increased BWG



	De Grande et al. (2020) [147]
	60 ppm zinc
	Significantly reduced FCR



	Rajani et al. (2011) [150]
	Synthetic AOX (BHT, propyl gallate and ethoxyquin)
	Significantly increased BWG and reduced FCR



	Alian et al. (2020) [151]
	0.3 mg/kg nano selenium
	Significantly increased BWG and reduced FCR



	Boostani et al. (2015) [152]
	0.3 mg/kg organic or nano-selenium
	3.5% increase in BWG



	Shen et al. (2019) [153]
	Bamboo leaf extract 1, 2, 3, 4, 5 g/kg feed
	1 and 2 g/kg significantly improved ADG and FCR



	Zhao et al., (2019) [40]
	Eucommia ulmoides leaf 500 and 100 mg/kg feed in birds subjected to heat stress
	Significant improvement in ADG, FI, and FCR compared to heat-stressed control



	Cheng et al. (2018) [154]
	Mannan oligosaccharides 1 g/kg feed in birds subjected to heat stress
	Significantly increased BWG, FI compared to heat-stressed control



	Chang et al. (2020) [155]
	Chitosan Oligosaccharide 200 mg/kg feed in birds subjected to heat stress
	Significantly improved ADG, FI, and FCR compared to heat-stressed control



	Hussan et al. (2022)

[156]
	Nano Zinc Oxide, 0, 2.5, 5, 10, 20 ppm
	2.5 ppm significantly improved BWG, FI, and FCR







1 Fresh ginger roots were dried, ground, and extracted by subcritical butane extraction. Then butane was removed by reduced pressure and extracted ginger oil was coated with starch and gelatine to obtain GE in powder form. The content of total gingerols in GE was 40.3 g/kg, which was composed of 78.3% 6-gingerol, 10.2% 8-gingerol, and 11.5% 10-gingerol, as analyzed by high-performance liquid chromatography. 2 Lycopene 420 mg/kg and 708 mg/kg.
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Table 5. The effects of dietary antioxidants on oxidative status.
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	Author
	Antioxidant
	Effect





	Cheng et al. (2017) [158]
	20 IU alpha tocopherol acetate or 20 IU dietary natural alpha tocopherols with and without immunosuppression
	Significantly increased total antioxidant capacity for both forms of tocopherols



	Karadas et al. (2016) [159]
	200 mg/kg vitamin E (Natural Alpha tocopherol), 0.5 mg/kg selenium, 100 mg/kg of 5% lutein, 100 mg/kg of 5% lycopene, and 25 mg/kg of 10% canthaxanthin compared to a control.
	significantly improved the total antioxidant capacity

vitamin E and selenium supplementation resulted in a significant increase in the total carotenoid concentration in the plasma.



	De Grande et al. (2020) [147]
	60 ppm zinc sulphate or the zinc amino acid complex
	zinc amino acid complex resulted in reduced plasma malondialdehyde and glutathione peroxidase activity



	Akhavast and Daneshyar, (2017) [160]
	Rosemary extract 1.5, 3, and 6 mL/L of water
	3 or 6 mL resulted in significant improvements in total antioxidant capacity



	Yildirim et al. (2017) [161]
	100 or 200 mg/kg Rosemary ethanol extract
	Significant antioxidant enzyme levels in blood



	Liu et al. (2020) [162]
	control (corn/soy diet), a control + antibiotic (chlortetracycline 75 mg/kg), and control+ chestnut wood extract (1000 mg/kg)
	Significant improvement in total antioxidant capacity, glutathione peroxidase and superoxide dismutase in breast meat and improved growth performance
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Table 6. The effects of dietary antioxidants on stress parameters.
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	Author
	Stress Source
	Antioxidant
	Effect





	Sahin et al. (2017) [168]
	Heat stress
	200 µg/kg Chromium picolinate or chromium histidine
	Mitigation of negative effects of heat stress on performance and improved oxidative status



	Tang et al. (2018) [37]
	Heat stress
	3% rosemary extract 6
	Reduced circulating levels of malondialdehyde and heat shock proteins in the cardiac muscles



	Cheng et al. (2018) [154]
	Heat stress
	250 mg/kg mannan oligosaccharides + cyclic heat stress
	Improved performance of supplemented birds in heat stress. Significantly reduced jejunal malondialdehyde and superoxide dismutase



	Pan et al. (2018) [169]
	Transport stress
	100 mg/kg Forsythia suspensa with transport stress (3 h transport at 27 degrees 7
	Reduced corticosterone and malondialdehyde levels in serum compared to control. Improved ability to scavenge reactive oxygen species



	Gao et al. (2010) [34]
	Dexamethasone to induce Oxidative stress
	Vitamin E 20 and 200 mg/kg diet
	Significant reduction in lipid peroxidation in plasma and meat, Superoxide dismutase activity increased with Vit E



	Zhao et al., (2019) [41]
	Heat stress
	Eucommia ulmoides leaf 500 and 100 mg/kg feed in birds subjected to heat stress
	Significant improvement in ADG, FI and FCR compared to heat-stressed control



	Chang et al. (2020) [155]
	Heat Stress
	Chitosan Oligosaccharide 200 mg/kg feed in birds subjected to heat stress
	Significantly improved ADG, FI and FCR compared to heat-stressed control







6 Rosemary extract composition was detected using high-performance liquid chromatography (HPLC). The chromatographic conditions are as follows: Chromatographic column: Diamonsil® C18 (250 mm 4.6 mm, particle size 5 μm); flow rate: 1.0 mL/min, equal degree elution; column temperature 35 °C; sample quantity: 10 μL; detection wavelength: 220 nm; and flow phase: Acetonitrile: water: phosphoric acid (volume ratio) = 60:40:0.2. For nanoemulsion, 1 g of purified rosemary extract (containing mainly carnosic acid > 95%. 7 Forsythia suspensa extract is derived from a climbing plant widely distributed in China. Dried fruits of Forsythia suspensa were prepared using the methods described by Wang et al. (2008). The 4 major active antioxidant constituents isolated from FSE have been identified as phillygenin (33.4 mg/kg), phillyrin (163.4 mg/kg), forsythialan A (82.6 mg/kg), and forsythoside A (33.0 mg/kg) by Lu et al. (2010) in our laboratory.
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Table 7. The effects of dietary antioxidants on gut-health parameters.
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	Author
	Stress Source
	Antioxidant
	Effect





	Sarsour and Persia (2022) [170]
	Heat stress
	Sulfur amino acids 30% additional
	Improved antioxidant status and reduced intestinal permeability



	Chen et al. (2022) [171]
	Fluorine-induced chronic oxidative stress
	selenium methionine 0.203 mg/kg

selenium selenite

0.198 mg/kg
	Improved antioxidant status, reduced malondialdehyde. Reduced intestinal permeability



	Burin (2019) [172]
	Heat stress
	Zinc amino acid complex 0, 20, 40, 60 mg/kg
	Significantly reduced oxidation products in blood and liver and improved gut integrity markers



	Sarker et al. (2021) [173]
	Aflatoxin B1
	Lycopene 200 mg/kg
	Improved intestinal integrity and oxidative status



	Lin and Lee (2021) [174]
	Normal commercial environment
	Laetiporus sulphureus fermented product (5%, 10%)
	Significantly improved oxidative status and tight junction integrity. Increased villus height in ileum and jejunum
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