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Abstract

:

Inflammation is the reaction of the immune system to an injury; it is aimed at the recovery and repair of damaged tissue. The inflammatory response can be beneficial to the animal since it will reestablish tissue homeostasis if well regulated. However, if it is not controlled, inflammation might lead to a chronic response with a subsequent loss of tissue function. The intestine is constantly exposed to a number of environmental triggers that stimulate inflammation and lead to a reduction in performance. The diet and dietary components constitute consistent inflammatory triggers in poultry. Dietary components, such as anti-nutritional compounds, oxidized lipids, mycotoxins, and excess of soluble fiber or protein, are all capable of inducing a low-grade inflammatory response in the intestine of broilers throughout a 5-week grow-out period. We hypothesized that dietary factor-induced chronic intestinal inflammation is a key driver of the lower performance and higher incidence of intestinal problems observed in poultry production. Therefore, this review was aimed at exploring feed-induced chronic inflammation in poultry, the constituents of the diet that might act as inflammatory triggers and the possible effects of chronic intestinal inflammation on the poultry industry.
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1. Introduction


The poultry industry is aware that intestinal disorders reduce flock performance, increase morbidity, and increase the bacterial contamination of the meat [1]. However, less attention has been paid to the subclinical changes in the gut which might affect the systemic physiological homeostasis. We hypothesized that subclinical gut disorders lead to a chronic low-level inflammatory response in the gut, resulting in the disruption of digestive function, a constant state of oxidative stress, and poor immune competence.



Multiple environmental factors of commercial production can trigger gut inflammation, including animal density, reused litter, intestinal pathogens such Eimeria sp., poor quality feed ingredients, high energy diets, and changes in feed formulation [2,3,4]. For years, the effects of these challenges to the animal gastrointestinal tract (GIT) have been controlled by antibiotics added in the feed as growth promoters (AGP) which, in addition to their antimicrobial effects, also reduce low-level inflammation [5]. However, non-AGP poultry production, demanded by the consumer pressure [6,7], has been a challenge to the industry in controlling health and maintaining performance standards [8,9,10]. Thus, it is believed that the decreased performance in AGP-free production is due to increased challenges that the GIT experiences, resulting the induction of chronic low-level gut inflammation. Therefore, sustainable antibiotic-free poultry production will be dependent upon a better understanding of gut health and its application in production systems [11]. Consequently, gut health has been a primary focus in the non-AGP era and has become one of the most used phrases in the scientific lexicon of animal production and research [12,13].



Hence, poor gut health and chronic low-level gut inflammation are important topics for optimal antibiotic-free poultry production. This review was aimed at exploring chronic gut inflammation, its causes and possible consequences. Furthermore, we summarize the dietary factors that can impair gut health and induce gut inflammation. Few studies have explored the role of feed components and their unfavorable effects on a chronic gut inflammation. Therefore, this review connects what is known in poultry to the knowledge from other species.




2. Intestinal Inflammation in Poultry: An Introduction


Inflammation is the primary effector mechanism of the innate immune system (IIS), whose primary function is the recovery and repair of infected and/or damaged tissue [14]. However, inflammation does cause tissue damage with the loss of functionality if poorly regulated [15]. In the intestine, this immune regulation is crucial to maintain homeostasis since the organ is continuously exposed to non-self-derived triggers, such as pathogenic microbes, food antigens, and toxins that could generate inflammation [16]. As the organ with the largest number of resident immune cells [17], homeostasis of the intestinal physiology is dependent of the complex communication and tight regulation between immune cells, cytokines, the microbiota, microbiome-derived metabolites and the host [2,18,19]. If an imbalance in this homeostasis occurs from an environmental insult (either infectious or non-infectious), a highly regulated cascade of physiological and immunological events will be activated, resulting in an inflammatory response [20].



The function and mechanisms of an inflammatory response in poultry have recently been described in detail by us in a series of reviews [2,14,21,22]. Briefly, innate immune cells (macrophages, granulocytes, dendritic cells, intestinal epithelial cells) express pattern recognition receptors (PRRs) that recognize and respond to infectious microbial constituents, as microbe-associated molecular patterns (MAMPs) [23,24,25] and to endogenous host molecules released during cell death or stress, called damage associated molecular patterns (DAMPs) [14,21,22,23,24,25]. During homeostasis, the intestinal immune tissue remains tolerant to microbiota and dietary antigens. However, during toxic insult or infection or dysbiosis, the PRRs can activate and initiate a cascade of events that induce an inflammatory response [2,14,21,22].



Recently, inflammatory phenotypes in poultry have been described as physiological, pathological, sterile and metabolic [2,14]. The term “physiological inflammation” defines the controlled inflammatory response of gut that regulates gut immunity homeostasis, preventing intestinal tissue damage [2,26]. Metabolic inflammation results from the continuous stimulation of PRRs by excess levels of dietary nutrients and/or metabolites [27,28], such as free fatty acids, carbohydrates and lipids [29]. Sterile inflammation is characterized by the absence of infection but with a low-grade response to DAMPS induced by chemical (oxidative stress), physical (microbiota components), and/or metabolic stimuli (dietary components) resulting in cell death [30]. Metabolic and sterile inflammation are typical examples of chronic low-grade inflammatory states that are likely to occur as features of modern animal production due to the high feed intake, nutrient excess, the ingredients used in the diet and overall environment that the birds are exposed to [2].




3. Intestinal Inflammation on Poultry Production


Gut inflammation promotes drastic alterations on intestinal architecture, resulting in leaky gut [31,32,33] and losses in production from decreasing digestibility, fluid loss and diarrhea and increased the moisture in the litter [32,33,34]. Furthermore, leaky gut leads to translocation of gut bacteria, microbial compounds, and/or antigens generating a systemic immune response [31,32,33,34]. Systemic inflammation requires energy and results in the loss of bird performance. In an experiment studying acute inflammation by lipopolysaccharide (LPS) (Escherichia coli 055:B5) injection, Jiang and collaborators [35] observed that the challenge decreased body weight gain (BWG) by 22%, but, just 59% of this reduction was caused by the decrease of consumption. Therefore, 41% of BWG depression was attributed to other factors, such as the immune response.



Numerous factors influence gut immune health, including the microbiota, pathogens, host genetics, host age, hygiene, medications, and management practices as described previously [2,14,21,22]. However, one overlooked factor in the overall health of the intestinal immune system is the feed and feed ingredients [2,14]. Although the feed provided to broilers, breeders and layers is aimed for the birds to achieve as close as to 100% of their genetic potential, the feed can contain several components that challenge gut immune homeostasis [14,36]. Examples of such feed components are mycotoxins, non-digestible feed ingredients, products of lipid oxidation, and a wide range of anti-nutritional factors such as enzyme inhibitors and phytate. Thus, animals are constantly exposed to feed components that could trigger a low-grade inflammatory response. Over time, this response will lead to a chronic inflammation in the intestine that results in the reduction of intestinal function at the expense of energy in immune response and reduced performance [2,14].



The remainder of this review will concentrate on the dietary factors that are inflammatory and/or have inflammatory components.




4. Feed Components and Their Impact on Intestinal Health in Poultry


A variety of feed components can have a negative impact on intestine homeostasis. In this section, we focus on the effects of some feed components on gut health.



4.1. Non-Starch Polysaccharides


The carbohydrates present in plants are divided into starch and non-starch polysaccharides (NSP), also called structural carbohydrates or fiber. Fibers and their components sometimes have confusing classification that depends on their chemical composition, extraction or dietary effect. Non-starch polysaccharides (NSP) were classified in three chemical groups by Bailey [37]: cellulose, non-cellulosic polysaccharides and pectin polymers. Moreover, the NPS can be classified according to their physical properties as soluble and insoluble in water [38,39]. The soluble group consists of arabinoxylans, glucans, fructans, pectins, and hemicelluloses [40] and show different roles in the diet and digesta than the insoluble. The NSP are not digestible by monogastric animals; therefore, part of them is metabolized by the microbiota [41]. However, the feed remains in the crop for a shorter time in poultry species which is not sufficient for NSP digestion [40] by commensal Lactobacilli or Streptococci as compared to wild birds [42]. Furthermore, the chicken intestinal microbiota is not as efficient as other non-ruminants in fiber fermentation [43]. Therefore, when these soluble NSP are in contact with mucus and secretion of intestinal tract, they form a jelly that covers the other ingredients called hydrocolloids. This coverage reduces feed contact with digestive secretions, enzymes and with the enterocytes and thus, decreases the availability of molecules for digestion and absorption [40]. Therefore, the increase of digesta viscosity by the hydrocolloids in broilers decreases body weight gain (BWG) and the feed conversion ratio (FCR) [44]. The increase in digesta viscosity caused by NSP escalates gastric transit, which decreases feed intake [45] and overall intestine transit time. The increase of digesta transit induces higher bacteria proliferation, especially undesirable microbes such as Escherichia coli and Clostridium perfringens [46,47]. Moreover, diets with high NSP promote higher bacterial translocation from the gut to the blood system, due to the leaky gut [48,49] that can produce systemic infection and inflammation.



The majority of NSP present in cereals are arabinoxylans, cellulose and β-glucans [50]. Different cereals have different ratios of these NSP. Barley, wheat, rye, triticale and oats are classified as viscous cereals due to their quantity of soluble non-starch polysaccharides. Therefore, if these ingredients are used in poultry feed, especially for broilers, the effects of soluble fiber should be considered as a trigger of inflammation. Although some practices can be used to avoid the negative effects of a diet with a higher NSP content, as feed probiotics that produce phytase, lipase, xylanase and cellulases [51] add insoluble fiber to the feed and supplementation of exogenous enzymes capable of breaking NSP, such as xylanase and β-glucanase [40].




4.2. Oxidized Oil


Lipids are used in poultry diets mainly to increase the energy content in broilers feed, since these birds require a high metabolizable energy to express their genetic potential for rapid growth. However, the lipid profile and oil or fat quality can have an impact on the overall health of the birds while also influencing the intestine. For example, fish oil, which contains a good quantity of polyunsaturated fatty acids, has been shown to have benefits on growth performance and gut health [52]. However, fish oils are easily oxidized since oxygen affects the double bond in the fatty acids [53,54] and if oxidized, fish oil can then become hazardous to the bird. The peroxidation of lipids forms hydroxiperoxyde, an intermediate compound, and aldehydes, ketones, dicarbonyls, furans and hydrocarbons, as secondary products [55]. Toxic effects of the hydroperoxyde and the secondary products have already been known for a long time in the literature [56,57,58,59].



Some studies have shown that moderately oxidized oils did not result in the loss of digestibility of crude protein or ether extract [60]. However, as the intestinal mucosa is the first contact with the peroxide compounds present in the diet, it is susceptible to injuries if oil, fat, animal byproducts, rice bran, or other high fat ingredients of poor quality are used in the feed. Dibner and collaborators [56] observed that the inclusion of oxidized poultry fat in broiler feed results in the reduction of body weight, hematocrit, and the enterocyte life span, as well as increases hepatocytes proliferation and reduced the effectiveness of secretory IgA in the intestine. The increased peroxide value (POV) in the diet produced deleterious effects not just on performance but also affected gut associated lymphoid tissue (GALT) [57,58]. Furthermore, Liang and colleagues observed that the jejunum suffered oxidative stress by the oxidized oil present in the diet, which affected cytokine expression and immune cells in the tissue. Birds fed with oxidized oil showed intestinal mucosa peroxidation, and a decline in the antioxidative capacity and inadequate removal of reactive oxygen species (ROS) in the jejunum and plasma. In addition, an increase in POV in the feed reduced CD4 and CD8 molecules on the jejunum and increased the expression pro-inflammatory molecules as nuclear factor kappa B (NFκB) P50, NF-κB P65, and tumor necrosis factor-α (TNF-α). Diets with moderately oxidized fish oil, compared with fresh fish oil, showed an increase in the serum corticosterone levels, peroxidation on the liver and changes on antioxidant enzymes expression on jejunum [59]. Furthermore, oxidized fish oil reduced the expression of tight junction proteins, claudin-1 and occludin, and increased the levels of IL-22 mRNA. The decreased expression of the tight junction proteins and the increase of IL-22, a pro-inflammatory cytokine, showed a reduction in intestinal epithelial barrier integrity and an inflammatory response.



To date, studies that evaluated the effects of oxidized oil on poultry intestine have found a profuse oxidative stress of the mucosa, a reduction of enterocytes’ half-life, impaired immune response, inflammation and the loss of the epithelial barrier. Moreover, oxidized oil had a deleterious impact on the performance of young birds, intestinal immunity and oxidative stress, even with a low oxidation level as 3.14 meqO2/kg dietary POV [58]. Therefore, to expect a bird’s high performance and healthy gut, attention should be paid to the quality of the lipid sources and ingredients high in lipid content. In addition, the method used to evaluate the oil or fat quality is important. Measurement of just the hydroxiperoxyde compounds in the ingredients could produce false interpretation, since they are intermediate compounds that will be converted to the secondary products later in the reaction [55]. Therefore, highly oxidized ingredients can be low in hydroxiperoxyde but high in the final compounds.




4.3. Protein


A correlation between high protein consumption and inflammatory intestinal disease in humans, such as ulcerative colitis and Crohn’s disease, has been observed [61]. Since protein is the major substrate of nitrogen to colonic microorganisms, it increases their growth and the production of short chain fatty acids (SCFA) [62]. However, protein can enhance putrefactive fermentation products [63], such as ammonia, hydrogen sulphide, amines, phenols, thiols, and indoles, which have cytotoxic, genotoxic and carcinogenic effects [64,65].



Studies with broilers have shown the influence of protein concentration and source used in the diet on gut microbiota and gut morphology. The increase of dietary indigestible protein, by rapeseed meal inclusion in the feed, for example, reduced volatile fatty acid concentration in the ceca, increased protein fermentation products, and decreased villus height and increased crypt depths [66]. Laudadio and collaborators [67] changed the crude protein (CP) content of the diet while maintaining amino acids requirement and observed that the reduction of CP decreased aerobic mesophilic bacteria and E. coli count in broiler excreta. Moreover, after digesta viscosity, a high crude protein diet is the secondary predisposing factor for necrotic enteritis, especially if animal ingredients are used [68,69]. Higher crude protein increases Clostridium perfringens in the ileum and ceca [69]. Moreover, feed formulated to have the same CP content (400 g/kg) but from different protein ingredients, showed different enumeration of Clostridium perfringens. Diet with meat/bone meal, fish meal, feather meal or potato protein produced higher C. perfringens colonization in broilers than corn gluten meal, soy or pea protein concentrates, or the control diet [70]. The increase in undigestible protein and unabsorbed amino acids arriving in the bottom of ileum and ceca may be the cause for the increase in these bacteria with the use of high crude protein levels or protein of difficult digestion. It has been observed that some amino acids in the intestine, such as methionine and glycine, stimulate C. perfringens growth [71,72]. Wilkie and collaborators [70] observed that the glycine content of the diets and ileal content were positively correlated with Clostridium perfringens count in ileum and ceca. As the glycine content of animal ingredients is 2 to 4 times higher relative to CP than vegetal protein source [73], it might be the supporter of the Clostridium perfringens growth and may be the reason for the higher content of the bacteria with animal diets.



Therefore, the high-protein diet has been correlated with intestinal inflammation in humans, broilers eating diets with high CP can suffer similar effects on their GIT. Likewise, research in chickens has shown the undesirable effects of diets with high indigestible protein, high crude protein, and animal ingredients; these factors should be evaluated by nutritionists. When aiming for a healthy gut, diets should be formulated, while economically feasible, to have amino acids coming from supplementation, high digestible vegetal ingredients, and/or have proteases added to the feed.




4.4. Mycotoxins


Mycotoxins are secondary metabolites produced by fungi that contaminate grains mainly if the crops were poorly harvested or exposed to improper conditions during transportation up to marketing and use [74]. The ingestion of mycotoxins can induce systemic effects and generated what is called mycotoxicosis. Some of the toxic effects of mycotoxins are carcinogenic, mutagenic, estrogenic, hemorrhagic, immunotoxic, nephrotoxic, hepatotoxic, dermatoxic and neurotoxic [75]. However, a large number of papers focused on other systems effects; the GIT mucosa is the first animal tissue in contact with mycotoxins, it acts as a filter to these harmful toxins to the whole body but it suffers some of the mycotoxin’s toxic effects too [76].



Trichothecenes, as T-2 toxin (Type A) and deoxynivalenol (DON), are produced by Fusarium graminearum and their intoxication cause decrease absorption of glucose [76], and the reduction of villus height and ratio of villus height:crypt depth in broilers [77]. Also, a pro-inflammtory response in the small intestine was observed with the consumption of DON in swine, murine and human’s studies [78,79,80]. Fumonisin, produced by Fusarium sp., showed effects on intestinal cell lines reducing viability and proliferation [81] and suppressing tight junction protein expression [82].



The presence of ochratoxin A (OTA) in the feed increased the observation of macro-lesions in intestine and increased the animal susceptibility to Eimeria sp. [83] and E. coli O78 [84] infections. OTA also induces oxidative stress that might be the reason for negative findings such as the reduction of villus height: crypt depth ratio in broilers [85]. Solcan et al. [86] increased OTA concentrations in the broilers feed and observed modification of the architecture of intestinal epithelia, with a decrease of villus height:crypt depth ratio in the duodenum, necrosis areas, apoptosis, altered glands of lamina propria, and taller enterocytes with big and multiple nuclei and sometimes with no brush border. In the same study, when evaluating the lymphoid associated tissue, TCR1, TCR2, CD4+ and CD8+ intraepithelial lymphocytes in epithelia were reduced and showed death signs as pyknosis and cortical hyperchromatosis. However, in the lamina propria, the number of CD4+ and CD8+ was higher in animals exposed to OTA.



Aflatoxin is the most common mycotoxin contamination in animal feed. Aflatoxin B1 (AFB1) is listed as the group I carcinogen by Agency for Research on Cancer (IARC) and one of the most potent hepatocarcinogens to mammals [87]. In vitro experiments with human colon cells (Caco-2) showed that AFB1 inhibits cell growth, increases lactate dehydrogenase activity and produces genetic damage [88]. Compared to other mycotoxins, such fumonisin and DON, aflatoxin B1 is highly absorbed by poultry intestine (>80%) mainly in the upper gut [89]. Even with the fast absorption, aflatoxin B1 showed detrimental effects on the gut epithelia in broilers, increasing gut permeability, reducing apparent ileal digestible energy, and reducing standardized nitrogen and amino acids digestibility [90]. When broilers were fed with AFB1 contamined diets, birds showed a reduction in the intestinal density [91]. Diet with 1 mg AFB1/kg for 4 weeks promoted necrosis in the crop, and catarrhal enteritis with lymphocytic or mononuclear cell infiltrations in the intestine of chickens [84].



Therefore, despite the systemic effects of mycotoxins, they also might affect the gastrointestinal tract, triggering inflammation, increasing gut permeability, apoptosis, and reducing digestibility, as well as, increasing the susceptibility of animals to intestinal pathologies. Thus, these factors prove the importance of crop management, storage, and overall grain quality for the maintenance of a healthy and functional GIT. In some cases of mycotoxins contaminations, the use of adsorbents can be helpful do diminish the harmful effects of mycotoxins.





5. Conclusions and Perspectives


Some dietary components might be a challenge for the maintenance of gut homeostasis, but they can be easily manipulated. Thus, it is vital to know how dietary components interact with the intestinal immune system. For example, feed with high content of non-starch polysaccharides, crude protein, rancid ingredients, or contaminated with mycotoxins has been shown to trigger inflammation on the gut of poultry species. Even in small quantities, these dietary components can be detrimental to intestinal health. They can act as a chronic inflammatory trigger, as a result of the injuries they cause and a constant daily exposure to the gut epithelium. Therefore, understanding how dietary ingredients can affect the intestine immunity is important for poultry gut health and production in the future. Furthermore, exogenous enzymes, pro and pre-biotics, antioxidants, and adsorbents are some of the additives that can be wisely used to help maintain proper gut health of a flock and diminish any low-grade dietary chronic inflammation caused by the feed components.
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