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Abstract

:

Simple Summary


Chronic disorders of the intestinal tract (CID) are characterized by signs of inflammation of the intestine for a period of at least three weeks. Both humans and pets can be affected by these disorders. Different therapeutic approaches can be selected to treat patients and the use of natural products has been increased in the last decade, since oxidative stress plays a key role in the progression of the chronic intestinal disorders. In this review, the antioxidant proprieties of several natural products with potential for treatment of CID in human and veterinary medicine are highlighted. Unfortunately, few clinical trials report the use of these products for treating CID in humans and none in animals.




Abstract


Chronic intestinal disorders (CID) are characterized by persistent, or recurrent gastrointestinal (GI) signs present for at least three weeks. In human medicine, inflammatory bowel disease (IBD) is a group of chronic GI diseases and includes Crohn’s disease (CD) and ulcerative colitis (UC). On the other hand, the general term chronic enteropathies (CE) is preferred in veterinary medicine. Different therapeutic approaches to these diseases are used in both humans and pets. This review is focused on the use of traditional therapies and nutraceuticals with specific antioxidant properties, for the treatment of CID in humans and animal patients. There is strong evidence of the antioxidant properties of the nutraceuticals included in this review, but few studies report their use for treating CID in humans and none in animals. Despite this fact, the majority of the nutraceuticals described in the present article could be considered as promising alternatives for the regular treatment of CID in human and veterinary medicine.
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1. Introduction


Chronic intestinal disorders (CID) are a common cause of persistent or recurrent gastrointestinal (GI) signs extended for more than three weeks.



Inflammatory bowel disease (IBD) in humans is a group of chronic diseases of the gastrointestinal (GI) tract. They include Crohn’s disease (CD) and ulcerative colitis (UC). The peak of onset is at the age of around 20–40 years old, but they can occur at all ages, last for a lifetime, and severely affect the quality of life [1]. CD can involve the entire GI tract from the mouth to the anus and is characterized by deep lesions of the GI wall. Symptoms include diarrhea, abdominal pain, and weight loss. CD is burdened by complications like stenosis, abscess, and perianal involvement [2]. On the other hand, UC typically affects the rectum and can involve the colon in a continuous way. It is characterized by lesions of the mucosa (erythema, erosions, and ulcers) and clinically followed by bloody diarrhea [3]. Unfortunately, the etiological factors triggering IBD are not yet fully elucidated, but genetic predisposition, gut microbiota dysbiosis, dysregulated immune response, and environmental factors (including diet) are thought to be involved in the pathophysiology mechanisms [4].



In veterinary medicine, the use of the term chronic enteropathies (CE) is preferred instead of IBD to identify a group of idiopathic intestinal disorders with evident GI signs (recurrent or chronic), and inflammation in the lamina propria of the small intestine, large intestine, or both [5]. Nonetheless, several phenotypes of IBD have been identified in dogs [6]. In fact, IBD in dogs has different forms when compared to humans, where more standardized clinical, endoscopic, and pathologic aspects can be found [7,8]. CE can be classified retrospectively based on the response to treatment into (1) food-responsive enteropathy, (2) antibiotic-responsive enteropathy, (3) immunosuppressant-responsive enteropathy, and (4) protein-losing enteropathy [9]. Most forms of CE involve a complex interplay among host genetics, the intestinal microenvironment (including bacteria and dietary patterns), and the immune system [10]. The clinical signs often overlap, but they can be distinguished into large intestinal localization (dyschezia, tenesmus, increased frequency of defecation, small volume of faeces, mucus, and blood), small intestinal localization (large volume diarrhoea, weight loss, and vomiting), melaena (upper GI bleeding/ulceration), and abdominal pain, which is uncommon in chronic enteropathy and raises suspicion of pancreatic disease, structural disorders, or perforation. A breed predisposition for CE in dogs has also been described [11]. Different CE phenotypes may reflect different disease severity affecting the intestinal immune system and varied response to treatment over time. This makes it difficult to standardize a treatment plan for these animals. With respect to CE treatment for dogs and cats, there is strong evidence that controlled, elimination, and hydrolyzed diets are beneficial [12]. In addition, the traditional choice of drugs in dogs and cats with CE includes anti-inflammatories, antibiotics, immunosuppressive, and other medications [9].



The use of complementary and alternative medicine is gaining increasing evidence in both humans and pets with digestive disorders. For instance, some commonly used treatments include probiotics, prebiotics, omega-3-fatty acids, vitamins, minerals, bioactive peptides, colostrum, aloe vera, and turmeric. These novel approaches may improve human and animal medical conditions in case of chronic intestinal disorders [9,12].



This review will be focused on both traditional therapies and nutraceuticals with specific antioxidant properties that possess established or promising effectiveness for the treatment of CID in humans and animals.




2. Oxidative Stress-Induced Damage in Chronic Intestinal Disorders


Cell inflammation and oxidative reactions caused by activated leukocytes producing excessive reactive oxygen species (ROS) can overpower the tissue’s antioxidant defenses, resulting in a dysfunction of the enteric mucosa. As part of basal metabolic function, ROS are produced by numerous enzymatic reactions in various cell compartments, including the cytoplasm, endoplasmic reticulum, cell membrane, peroxisome, and mitochondria. ROS plays a variety of physiological roles, including the control of cell differentiation and development, apoptosis, and inflammatory processes via cell signaling [13]. A complex, dynamic mechanism, where different molecules undergo well-established oxidation–reduction reactions, maintains the homeostasis of the intestinal ecosystem, which represents the intestinal mucosa’s response to prevent oxidative damage. The ROS generated by unstable types of oxygen—superoxide anion, hydrogen peroxide (H2O2), and hydroxyl radicals—are the key pro-oxidant molecules. The pathogenesis of CE has been linked to oxidative stress, which may be a key effector mechanism leading to molecular/cellular damage and tissue injury. ROS promote cell damage by preventing the accumulation of antioxidant defenses in cells. For example, oxidative damage is observed in CD patients’ intestinal mucosa as well as their peripheral blood leukocytes [14]. Immune cells that enter the mucosa produce a number of ROS that can be harmful to tissue integrity. Patients with CD have lower levels of antioxidant vitamins A, C, E, and beta-carotene in their blood and mucosa, as well as lower activity of the major cellular antioxidant enzymes glutathione peroxidase (GPx) and superoxide dismutase (SOD) [15]. Oxidative stress and redox signaling are intimately involved in the upregulation of inflammatory cytokines as well as in the increased infiltration of inflammatory cells, through the stimulation of signaling pathways (especially the redox-sensitive transcription factor, nuclear factor kappa-light-chain-enhancer of activated B cells). Inflammation also enhances oxidative stress by inducing the development of ROS and the release of myeloperoxidase from inflammatory cells [16]. In the literature, there is evidence indicating the role of oxidative stress in humans with IBD and recent studies suggest that it could also be a relevant factor in the pathogenesis of dogs affected by IBD [17].




3. Therapeutic Management of Chronic Intestinal Disorders


Current therapies for IBD in humans are based on shared guidelines, particularly those published in the United States and Europe [18,19,20]. Patients affected by IBD are normally treated with a step-up approach, starting with mesalazine and gradually adding higher-level drugs until a complete clinical, laboratory, and endoscopic remission is achieved. The step-up approach was the one classically used also for CD, but in recent years the top-down paradigm has been established, starting the most effective drugs available in patients with predictive factors of more aggressive disease (Figure 1).



In veterinary medicine, new approaches to the management of CID in dogs and cats have been developed over the last 30 years. However, therapy for CE is difficult to establish, since the pathogenesis of the disease is not easily understood. The choice depends on the seriousness of the disease and the response to drugs. The most used therapies are antimicrobials, immunosuppressants, and anti-inflammatory drugs. Unfortunately, the scientific evidence of the efficacy and effectiveness of these drugs in animals is lacking and variable across studies. There is stronger evidence for the use of controlled, elimination, and hydrolyzed diets, which are the first-choice approach for pets [5] (Section 4, Figure 1). When deciding which treatment is the most appropriate, adding symptomatic measures (gastroprotectors, antiemetics, motility modulators, etc.) would be beneficial to correct any imbalance.



3.1. Humans


3.1.1. Conventional Therapy


Mesalamine represents the cornerstone of therapy of UC. Mesalamine is able to induce and maintain remission. It is most prescribed for UC with mild or moderate disease symptoms. Topical (rectal) plus oral mesalamine is the most efficacious mode of administration. Mesalamine’s exact function is unclear, however the most accepted theory is that it reduces the synthesis of prostaglandins and leukotrienes by modulating the inflammatory response. Mesalamine is also thought to be an antioxidant and a free radical scavenger [21].



Systemic corticosteroids (particularly prednisone and methylprednisolone) are the therapy of choice in patients with severe disease activity or with mesalamine failure in UC. In case of mild or moderate disease activity, low-absorption corticosteroids are available: budesonide for CD, beclomethasone, or budesonide multi matrix (MMX) for UC [22]. Steroids have a good rate of effectiveness (around 80%), but unfortunately they cannot be used for prolonged times (no more than 3–4 months) as they are characterized by numerous side effects and lose effectiveness over time [23].



After initial steroid-induced remission, immunosuppressants are used to achieve long-term steroid-free remission [24]. The immunosuppressants used in IBD include thiopurine (azathioprine, 6-mercaptopurine), methotrexate (mainly in CD), and cyclosporine (mainly in UC).



Another approach to improve gut health and to treat IBD includes the use of probiotics, and prebiotics [25].




3.1.2. Advanced Therapy


Biological drug therapy (target therapy) has revolutionized therapy for IBD and other autoimmune and neoplastic diseases over the last 25 years.



Anti-tumor necrosis factor (TNF) therapy has been widely used for the treatment of IBD in the last two decades as a new approach to the disease’s management. Anti-TNF therapies approved for the treatment of both CD and UC, include infliximab and adalimumab. Golimumab has also been evaluated for use in UC [26]. Unfortunately, one-third of patients are primary non-responders, and dose intensification is needed in 23 to 46% of responders, with drug discontinuation occurring in 5% to 12% of patients per year [27].



Vedolizumab is a humanized monoclonal antibody and is the first biological drug created to be selectively effective on the bowel [28].



Ustekinumab is a human monoclonal antibody and it is the latest biological drug introduced for the treatment of IBD, borrowed from the excellent experience in psoriasis [29].



Tofacitinib (anti-JAK) is the latest drug available to treat IBD, in particular UC. Blocking the JAK-STAT pathway, it interferes with the signaling pathways of several cytokines [30].





3.2. Dogs and Cats


Conventional Therapy


Antimicrobials are used to fight the microbial dysbiosis which may initiate and drive host inflammatory responses in animals with CE. This therapy is often associated with diet and other drugs, leading to difficulties in interpreting the effectiveness of a single antimicrobial product. For example, studies have supported the efficacy of rifaximin and oxytetracycline or of metronidazole and tylosin with an additional anti-inflammatory action [9,31,32,33]. If an antimicrobial treatment is not successful within two weeks, a new therapy should be considered, with the aim of achieving long-term control of the disease. This would also avoid the risk of developing antimicrobial resistance. In addition, interest in new antimicrobial alternatives to manipulate the GI microbiome is growing [5].



A small percentage of animals affected by CE need administration of immunosuppressants. Following the failure of diet and antibiotic treatments, the administration of immunosuppressants could be successful. When a good response to this treatment exists the pathological condition is defined as immunosuppressant-responsive CE. On the other hand, dogs not responding to this treatment are categorized as having non-responsive enteropathy. A treatment plan with immunosuppressive drugs usually includes the use of these medications and modification of the diet [34]. Commonly used immunosuppressant drugs are azathioprine and cyclosporine [33,35].



The use of anti-inflammatory drugs helps control the inflammation of the intestine in animals with CE. They usually work together with other therapeutic approaches such as diet and antimicrobial agents. The most commonly used anti-inflammatory drugs are glucocorticoids, 5-aminosalicylates [33]. As reported before, there are a few antimicrobials with anti-inflammatory properties like metronidazole and tylosin [33].



In addition, the use of prebiotics and probiotics improves the gut microbiota of animals, especially when affected by GI diseases [25].






4. Dietary Interventions in Chronic Intestinal Disorders


In the medical community, there is currently no consensus on dietary recommendations for adult patients with IBD. It is difficult to make strong recommendations due to the lack of randomized controlled trials investigating specific diets and eating habits. Exclusive enteral nutrition (EEN) is an exception since it is prescribed as a first-line treatment for children and adolescents with acute active CD to promote remission [36]. The European Society for Clinical Nutrition and Metabolism (ESPEN) advises that during remission periods, no particular diet should be undertaken because it does not seem to be successful in maintaining remission [37]. Several dietary compounds have been identified as influencing the development and maintenance of IBD, while others appear to be protective.



In veterinary medicine, the dietary approach is the first choice to control the symptoms of CE in pets [12]. Several studies demonstrated the efficacy of diet manipulation that in many cases results in a promising long-term outcome (>6 months). In some more severe cases, where a long-term positive effect is not observed, antibiotic or immunomodulant treatments should be added [5]. The change in diet alone has been reported to be effective in over 50% of CE cases as reported in a previous review [38]. Despite the fact that most of the study protocols have low-quality designs, long-term response seems to be supported by diet when used as first-line treatment. The GI tract can be damaged when a subject is affected by CE (microbiota, intestinal permeability and motility, and mucosal immune system). As a consequence, choices in nutrition can influence the equilibrium of GI components and functions. However, well-designed studies are still needed to determine whether specific dietary elements could represent risk factors for the development of CE in dogs and cats. A recent review by Kathrani [12] exhaustively reported the use of diet to manage CE in dogs and cats.



4.1. Humans


4.1.1. Fiber Content


Howeler created the term “dietary fiber” to characterize a complicated group of non-digestible components of cell walls [39]. Non-starch polysaccharides (e.g., pectin, cellulose), non-carbohydrate-based polymers (e.g., lignan), resistant oligosaccharides (e.g., galatooligosaccharides, fructooligosaccharides), and animal-derived carbohydrates (e.g., chitin) have all been lumped together under the term [40]. Unlike most dietary components, non-digestible dietary carbohydrates (resistant starch and fiber) can withstand stomach acidity and do not degrade in the human small intestine; instead, they are fermented by the gut microbiota consortium within the large intestine, where one microbe initiates the fermentation process and others continue it, resulting in a systematic process [41].



Dietary fiber is made up of a variety of connected monosaccharides that form a variety of molecules with different side chains and physical properties, such as solubility and physical organization. While dietary fibers can be classified in a variety of ways, the most prevalent method for nutritional purposes in humans divides them into water-soluble and insoluble fibers [42]. The degree of fermentation by gut bacteria is related to water solubility in the gastrointestinal system. Soluble dietary fiber can reduce glycemic response by increasing digesta viscosity, which delays stomach emptying and nutrient release. Easily digestible fibers (Arabinoxylan, pectin, inulin, b-glucans, fructo-oligosaccharides, xyloglucans, and galactooligosaccharides) are examples of soluble dietary fibers and are degraded to volatile fatty acids, which serve as a nutrient substrate for the microbiota as well as the enterocytes [43]. Insoluble dietary fibers, such as lignin and cellulose, are thought to be less beneficial to gut microorganisms because their strong hydrogenbinding networks restrict the amount of surface area available for fermentation. Fibers that are difficult to digest stimulate intestinal peristalsis and thus the expulsion of pathogenic microorganisms [44].



Although the literature on the relationship between dietary components and the onset of IBD is still uncertain, several studies showed that dietary fiber intake has a positive impact and plays an important role in the prevention of CD [45]. Anti-inflammatory action through butyrate’s protective effects, reduction in colonic permeability, and prevention of pro-inflammatory cytokine transcription are some of the mechanisms proposed in the literature [46]. Furthermore, dietary fibers have shown an effect on the microbiome, influencing immunological homeostasis in a regulatory manner [47]. Fiber has a prebiotic function by increasing the growth of beneficial bacteria [12]. Patients with IBD, on the other hand, often complain that high-fiber foods aggravate their symptoms [48] and fiber is contraindicated in patients with stenosing CD.




4.1.2. Specific Diets


In the existing scientific literature, complex diets for IBD treatment have been suggested.



Exclusive Enteral Nutrition (EEN)


EEN relies on the administration of a liquid nutrient formula orally or via a feeding tube for 4–12 weeks. Individual amino acids are found in elemental formulas; semi-elemental peptides of different chain lengths are found in semi-elemental formulas; and intact proteins are found in polymeric formulas. Food reintroduction data is still sparse and inconclusive after this time frame. Most centers, on the other hand, suggest a 2–3 week gradual reintroduction of the normal diet [49]. This type of diet is useful in children with CD, but it is not useful in UC [50]. However, since this dietary therapy requires children to abstain from eating for many weeks, adherence is challenging and unpredictable. This type of diet can have a big impact on the child’s family as well. In addition, essential amino acids have been shown to activate mucosal immunity while maintaining intestinal homeostasis and forming the intestinal mucosal barrier [51]. During EEN therapy, there could be a decrease in the development of metabolites that may be involved in the immunological attack on gut microbiota [52].




Carbohydrate Diet (SCD)


SCD is a diet for patients affected by IBD. This diet consists of a modified carbohydrate diet that allows monosaccharides but prohibits disaccharides and most polysaccharides. Fruits and vegetables with more amylose than amylopectin, dry-curd cottage cheese, butter, nuts, nut-derived flours, meats, eggs, and oils are allowed in the SCD. Sucrose, isomaltose, maltose, lactose, both real and pseudo-grains and grain-derived flours, okra, potatoes, fluid milk, corn, soy, lactose-rich cheeses, and most food additives are not permitted. To avoid lactose, the diet is supplemented with entirely fermented yogurt [53]. SCD is focused on the ingestion of complex carbohydrates with limited digestive requirements. Although the mechanism of action is unknown, it is hypothesized that changes in the fecal microbiome reduce intestinal inflammation. A very restrictive diet necessitates significant lifestyle changes, and patients need follow-up to ensure proper nutrition, taking into account that specific dietary deficiencies can occur as a result of specific food restrictions, especially of dairy products that contain vitamin D and calcium. The limited intake of grains, fruits, and vegetables can also result in folate, thiamine, and vitamins B6, C, and D deficiencies.




Anti-Inflammatory Diet for IBD (IBD-AID)


IBD-AID was developed by a team at the University of Massachusetts Medical School and is based on the SCD. This diet was created for patients who had failed to respond to pharmacological treatment [54]. The IBD-AID is made up of five parts: the first is the modification of carbohydrates, such as refined or processed complex carbohydrates and lactose; the second is the ingestion of probiotics and prebiotics; the third is the modification of dietary fatty acids; the fourth is the detection of the overall dietary pattern and missing nutrients, as well as the identification of intolerances; and the fifth is the modification of dietary fat acids. Likewise, this is a very restrictive diet, that can lead to nutritional deficiencies due to the lack of nutrients, especially micronutrients. Its mechanism of action has yet to be discovered.






4.2. Dogs and Cats


4.2.1. Fiber Content


The dietary use of high fibers has been found to have numerous health benefits including anti-inflammatory properties and helping to maintain the intestinal barrier function. Fiber has a prebiotic function in promoting the growth of beneficial microorganisms in the intestine [12].




4.2.2. Specific Diets


In the scientific literature, different diets as treatments for CE in dogs and cats have been suggested.



Hydrolyzed Diets


Hydrolyzed diets have been successfully used in the management of CE in dogs and cats. In this type of diet, proteins are broken down by enzymes and the organisms do not recognize them as proteins. This type of diet can help to reduce the level of dysregulation of the immune system and is considered highly digestible [55].




Limited-Ingredient Diets


A limited-ingredient diet should ideally provide a single carbohydrate and a single protein source. Considering the exposure of dogs and cats to multiple ingredients in their diets, a limitation of the number of ingredients could be beneficial to limiting the antigen load in the GE tract in order to reduce intolerances [55].




Fat Reduced Diets


Reduction of fat in the regular diet reduces the passage of the fat in the colon, reducing dysbiosis and epithelial cell damage. A fat restriction diet has been shown to be effective in dogs affected by PLE-lymphangiectasia but it could also be considered as an option in cases of CE [55]. The fat content of the dry matter must be no more than 15% in dogs and 25% in cats [56].




Gluten-Free Diets


A gluten-free diet seems to be quite effective in reducing GE symptoms even though no specific trials have been performed yet. The effectiveness of this diet has been hypothesized because some of the commercial diets are already gluten-free. A novel protein diet has been found to be more effective in pathologies involving the large intestine [49].




Parenteral Nutrition (PN)


This type of approach is an option that is required only in rare cases, being very expensive and of difficult management for the pet owners. This type of nutrition keeps under control the daily intake of the different nutrients and contributes to bowel rest. This technique is used in human medicine even if the enteral nutrition results in a more physiological intervention for the intestine [12].







5. Role of Nutraceuticals as Antioxidants in Chronic Intestinal Disorders: Phytocomplex, Trace Elements, and Vitamins


Functional foods and bioactive natural compounds have become relevant research topics when discussing new approaches to treat intestinal disorders in human and veterinary medicine, as the long-term use of traditional drugs causes complications.



Nutraceuticals by definition, are food or food supplements that have been formulated or processed to enhance the pharmacological properties of functional bioactive ingredients, providing health and medical benefits, including the prevention and treatment of diseases [57].



Phytochemicals of nutraceutical importance, are non-nutritive plant chemicals found in fruits and vegetables [50,58,59]. Plants produce phytochemicals as part of their defense mechanisms against pathogens, which are derived from their primary and secondary metabolisms. These chemicals play a significant role in the body’s defense against oxidative stress and inflammation together with other potential health benefits.



Complementary and alternative medicine (CAM) use has been found to be more common in human patients with IBD than in healthy individuals, with some studies reporting values as high as 72% [60]. CAM can assist in the treatment of chronic intestinal disorders and prolong the clinical remission in human patients because of the antioxidant and anti-inflammatory properties of the used plants. Several studies in dogs and cats reported the use of these natural ingredients as promising to manage diseases.



Nutritional supplements described in this section include phytocomplex, vitamins, and minerals. Here, available evidence of their proven or promising effectiveness in human and veterinary medicine is presented (Table 1).



5.1. Phytocomplex


5.1.1. Curcuma longa


Curcuma longa is a perennial herb which, when dried, becomes the source of the spice turmeric. Turmeric’s active part is the flavonoid curcumin. Water and fat-soluble turmeric and curcumin show strong antioxidant properties. Since curcumin has autophagy-regulating properties it helps in the improvement of colitis. Curcumin also inhibits the development of autophagosomes in colonic epithelial cells and has also an anti-inflammatory effect in acute and chronic inflammation status [61].



The administration of curcumin was found to be more effective than placebo in keeping human patients with quiescent UC in remission [62] and with various pro-inflammatory diseases [63]. A dosage range of 1500–3000 mg/day demonstrated a significant difference between clinical remission and endoscopic remission rates in the intervention and placebo groups [62]. Only Hanai et al. reported mild side effects in a Japanese population, such as abdominal distension, nausea, and an increased number of bowel movements [64].



The veterinary use of curcumin has also shown promise in intestinal diseases in dogs with stimulation of the antioxidant system and evidence of anti-inflammatory effects [65,66]. The findings of a study suggested that curcumin and the commercial product Meriva curcumin phytosome® reduced inflammation in canine IBD but no specific antioxidant effect was tested [67]. No data on cats is available.




5.1.2. Aloe vera


Aloe vera is a tropical, drought-resistant succulent plant. The leaves are filled with brown or yellowish milky juice that contains the most bioactive compounds. Not all species are therapeutic, others can be toxic or neutral. It has been shown to have antioxidant, antibacterial, anti-inflammatory, immune-boosting, anti-cancer, healing, and anti-diabetic effects. The 75 biologically active compounds (i.e., flavonoids, terpenoids, lectins, magnesium, zinc, vitamins) present in Aloe vera show synergic effects [68,69].



A randomized, double-blind, placebo-controlled trial of oral Aloe vera in human patients affected by UC has been performed [70]. The volume was 100 mL twice daily, which is the greatest quantity that may be tolerated and is widely used by people who use aloe vera gel for a variety of purposes. To ensure tolerance and reduce the risk of adverse effects, patients were advised to start with 25–50 mL twice daily for up to 3 days. Oral Aloe vera was found to produce a clinical response more frequently than placebo, as well as a reduction in histological disease activity. Among the 30 patients randomized to Aloe vera gel, no serious adverse events were registered; however, nine patients reported of abdominal bloating, one of foot pain, one of sore throat, one of temporary ankle swelling, one of acne, and one of worsening eczema.



One study reported that Aloe vera juice was used as a stomach tonic for vomiting and irritation in dogs [71]. To our knowledge, no specific studies on the use of this nutraceutical in the treatment of CE have been performed in veterinary medicine.




5.1.3. Boswellia serrata


The gum resin obtained from the Boswellia serrata (B. serrata) tree, a species of the Burseraceae family, is known as frankincense. The major active derivatives are 11-keto-β-boswellic acid, boswellic acid, and acetyl-11-keto-β-boswellic acid, all of which are believed to have antioxidant and anti-inflammatory properties [72]. In India, preparations made from the gum resin of B. serrata have been used as a common remedy for inflammatory diseases in Ayurvedic medicine.



For example, B. serrata extract was successfully used in maintaining the remission phase over a prolonged period of time in human patients with UC [73]: Casperome® is a delivery form containing a 1:1 ratio of highly standardized B. serrata extract and soy lecithin, as well as around half a part of microcrystalline cellulose to improve the physical condition and standardize the product to a content of triterpenoid acids of at least 25%. Remission or improvement in one or more of the parameters was achieved by administering Boswellia gum resin [74]. This nutraceutical is largely demonstrated to be effective as an anti-oxidant, anti-inflammatory, and anti-diabetic agent in dogs in both in vitro and in vivo studies [75,76,77]. No studies on the use of B. serrata in the management of CE in dogs and cats have been performed so far.




5.1.4. Triticum aestivum


Wheatgrass juice (Triticum aestivum) is an extract made from wheatgrass pulp. Wheatgrass extracts showed antioxidant activity by scavenging free radicals in conjunction with phenolic and flavonoid material.



In a study, for one month, 100 mL wheat grass juice was consumed. The juice was to be consumed right away by the patients. The doses were gradually raised, starting with a 20 mL initial dose and increasing by 20 mL every day. It was proven to be an efficient and safe treatment for active distal UC as a single or adjuvant treatment [78]. This natural product has been demonstrated to be an effective antioxidant in reducing senile cataracts in dogs [79]. The biologically active substances can be partially absorbed during digestion and future use in treating GI conditions in animals can be considered.




5.1.5. Plantago spp.


Plantago ovata is an annual herb, local to the Mediterranean region. It is a source of soluble fiber and has been reported to treat intestinal disorders like diarrhea, constipation, IBD, and hemorrhoids [80]. Polysaccharides, flavonoids, phenolic compounds (caffeic acid derivatives), terpenoids, alkaloids, and vitamins are among the bioactive components [81].



Its seeds (10 g b.i.d.) have been shown to be as effective as mesalazine in preventing UC relapse. These treatment choices may be appealing to human patients who are unable to tolerate mesalazine [82].



Plantago major seems to be effective in the complementary management of UC [81].



Plantago spp. can be used to treat endoparasites and stomach problems in animals [71,83], but no specific studies on CE in animals have been carried out.




5.1.6. Serpylli herba


Serpylli herba is a European Pharmacopeia officinal medicine made up of the aerial portions of wild thyme (Thymus serpyllum). It has been tested in rodent colitis experimental models [84]. In two separate experimental models of colitis in rats (TNBS) and mice (DSS), S. herba extract showed intestinal anti-inflammatory properties, indicating that it could be used to treat human IBD [84]. The antioxidant qualities are most likely attributable to the high polyphenol content. Given the in vitro results, its efficacy on intestinal disorders in human and veterinary medicine cannot be excluded even though no in vivo trials have been performed to date.




5.1.7. Vaccinium myrtillus


Bilberries (Vaccinium myrtillus) contain one of the highest levels of natural anthocyanins that exert the most effective antioxidant activity [85]. It inhibits protein and lipid oxidation. Human patients with mild to moderate UC were treated with an anthocyanin-rich bilberry preparation in addition to their regular medicine in an open-label pilot study [86]. The bilberry preparation was made specifically for this investigation under highly standardized settings, with the primary ingredients being dried, sieved bilberries (59.63%) and concentrated bilberry juice (25.90%). Small metal trays containing 40 g of the preparation were used to package it. For a total of six weeks, patients were given a daily bilberry preparation dose of 160 g (4 trays per day), equal to 95 g dry weight (similar to about 600 g fresh fruit, assuming an 80–85 percent water content in fresh bilberries). Patients were instructed to avoid eating or drinking for one hour before and after ingesting bilberries. Endoscopic and histologic disease activity, as well as fecal calprotectin levels, were considerably reduced in the study participants after six weeks, suggesting that anthocyanins could be used as an alternative treatment human IBD patients. Both the feces and the tongue of all individuals had a dark bluish to black staining (one patient furthermore reported slight discoloration of the teeth). Mild dyspeptic symptoms were noted by one patient (heartburn). Furthermore, 33% of patients complained of mild to moderate flatulence. There were no major clinical adverse events or changes in the safety laboratory indicators that we noticed. Studies performed in healthy dogs confirmed the strong anti-oxidant activity of bilberry extract [87] but no data on the effects on dogs and cats affected by CE is available.




5.1.8. Camellia sinensis


Camellia sinensis (C. sinensis) is a species of evergreen shrubs or small trees. The leaves and leaf buds are used to produce tea (yellow tea, green tea, oolong tea, white tea, dark tea, and black tea). It has been demonstrated to have anti-inflammatory effects on lipopolysaccharide-stimulated macrophages and DSS-induced colitis in mice, reducing the oxidative stress. The researchers hypothesized that C. sinensis could be used as a safe and effective dietary strategy in preventing and treating human UC [41,88]. One study reports an anti-diarrheal effect of C. sinensis in children suffering from nonbacterial diarrhea [89,90]. Studies in dogs confirm the antioxidant properties of this plant [91,92] but no data on its effect on dogs and cats affected by CE is available in literature.




5.1.9. Citrus


Citrus fruit and juices are among the most common phenolic rich dietary sources. For example, diosmetin is a natural flavonoid molecule found in citrus plants. It has a number of pharmacological properties, but little is known about its impact on CID. The therapeutic effects of diosmetin on mice models of chronic and acute colitis were investigated in a recent study [93]. They discovered that diosmetin treatment significantly reduced colon oxidative damage by regulating intracellular and mitochondrial reactive oxygen species levels. No information on the effects on dogs and cats affected by CE is available.




5.1.10. Pomegranate


Pomegranates are not citrus fruits, despite their citrus flavor. They do not come from the same plant family and cannot be considered cousins. Their juice, however, can be blended to make a refreshing drink that is high in critical vitamins.



In mouse models of IBD, pomegranate fruit administration reduced colon tissue damage, antioxidant status, and inflammation [94]. In a DSS-induced colitis model, pomegranate extract was demonstrated to lessen the severity of colitis by modulating the gut microbiota and down-regulating COX-2, PTGES, iNOS, and PGE2 expression [94].



We found no in vivo studies on the use of citrus in the management of CE in humans, dogs, and cats.





5.2. Trace Elements


Two relevant trace elements, zinc, and selenium have been discussed in this review because of their antioxidant and anti-inflammatory effects. Overall, trace element status in CID in human and veterinary medicine, appears to be a neglected subject, and further clinical trials are needed to investigate this issue more thoroughly [32,95,96].



5.2.1. Zinc


Zinc is an essential mineral that is naturally present in some foods (e.g., beans, nuts, seafood). Zinc influences oxidative stress, immune response, and inflammation [97]. It appears that zinc deficiency is widespread among human patients with IBD, with a prevalence of 15 to 45% [98]. Provided that IBD is a chronic inflammatory disease linked to immune system function, controlling and maintaining normal zinc levels in IBD human patients appears to be important. Reduced serum zinc concentrations have been shown in preclinical models, human translational studies, and animal model studies to exacerbate inflammation; this effect may be mediated by a variety of pathophysiological mechanisms, including the increased production of pro-inflammatory cells, modulation of the inflammatory cytokine response, aggravation of mucosa leakage, and disruption of the epithelial barrier [99]. Zinc is a cofactor for many enzymes and is involved in a variety of important processes, including the protection against free radicals and the control of innate immunity by regulatory cells [100]. Zinc deficiency has been shown to cause oxidative stress in a variety of cells and tissues, and zinc supplementation may help prevent oxidative harm [101]. Zinc, as a cofactor of the antioxidant enzyme SOD1, is integrated into the cellular antioxidant protection mechanism and protects cells from oxidative stress by increasing GPx biosynthesis, inducing metallothionein synthesis, and inhibiting NADPH oxidase [102], which is one of the most important sources of free radical activity [103]. The zinc-cytoprotective enzymes metallothioneins are up-regulated in response to an inflammatory stimulus as direct oxidant scavengers. These proteins belong to a group of cysteine-rich small proteins that play a role in reducing ROS development during oxidative stress [104]. Zinc also seems to be involved in the mucosal barrier function of the intestine. Zinc deficiency increases occludin proteolysis and decreases claudin-3 expression. Since these proteins are involved in the formation of tight junctions between intestinal epithelial cells, it appears that low zinc levels will weaken the intestinal mucosal barrier [105]. Due to zinc’s anti-inflammatory and antioxidant properties, as well as its protective role in the pathogenesis of IBD and the high prevalence of zinc deficiency among IBD human patients, providing adequate zinc levels is likely to be beneficial for more successful treatment of this chronic disease.



Vomiting, diarrhea, fever, lethargy, muscle discomfort, and stiffness are all symptoms of zinc toxicity, as are anemia, copper insufficiency, and kidney injury. In humans, the fatal dose of intravenous zinc is unknown. The National Institute of Health’s (USA) upper safe daily oral intake limit for elemental zinc is 40 mg/d, while the European Food Safety Authority’s lower limit is 25 mg/d. Zinc has been used as a parenteral nutrition component at levels ranging from 5 to 22 mg/d without any known negative effects [106].



In dogs and cats, zinc is known to be necessary for several normal functions linked to metabolic, enzymatic, and transcription factor activities, due to its antioxidant activity. Recommended zinc maximum level for complete dog food is 22.7 mg per 100 g dry matter (DM) [107]. Findings of a recent research demonstrated low levels of zinc in serum of dogs suffering from LPE (lymphocytic-plasmacytic enteritis), a kind of IBD. Thus, concentration of serum zinc could act as an indicator of LPE prognosis [108]. However, studies on zinc deficiency and the supplementation with this trace element in veterinary medicine are scarce [109,110]. Promising positive effects of the combination of zinc and other antioxidant elements on the oxidative stress caused by different diseases could be hypothesized. In one study, dogs fed with a diet supplemented with a preparation of selenium/zinc-enriched probiotics showed an increased total antioxidant capacity in the blood compared to the control group, supporting the antioxidant capacity of zinc [111]. Zinc has been used as a treatment in rats with experimentally induced liver cirrhosis and in copper toxicosis in dogs [112,113]. In another study, strong therapeutical potential of ZnO Nanoparticles has been reported to treat IBD in mice [114]. The synergic effect of zinc, silymarin, and vitamin E in a supplement tested in dogs has been shown to improve liver function [115]. In a group of dogs with IBD, the levels of zinc and magnesium were found to be lower compared to control dogs but no supplementation was tested. In addition, zinc was recommended for inflammatory and malabsorptive intestinal diseases in dogs where zinc absorption may be compromised [109]. Although preliminary studies on dogs have demonstrated lower zinc levels in various disorders i.e., skin, hepatic, renal, neurological, and behavioral disorders, therapeutic effects of zinc supplementation can be only hypothesized [116]. Unfortunately, the role of zinc deficiency and the usefulness of dietary supplementation with zinc in CE are yet to be investigated in dogs and cats. Minimum but not maximum zinc supplementation doses for dogs and cats have been established by the National Research Council (NRC, [117]) and safe doses for improving liver conditions have been tested in in vivo trials [115].




5.2.2. Selenium


Selenium is a member of the sulfur family of elements and is naturally present in some foods (e.g., seafood, liver, and cereals). Selenium is primarily known for its antioxidant properties. The selenium-dependent enzyme glutathione peroxidase (GPX) is an essential antioxidant enzyme involved in the elimination of peroxides and hydroxyl free radicals produced during metabolism [118]. Selenium deficiency has been identified in human IBD patients in some studies [119]. Various selenoproteins are abundant in the intestine and may play a role in redox homeostasis control. The nuclear factor erythroid 2-related factor 2 (Nrf2)/Keap1 signaling pathway controls redox balance in cells. Nrf2 is a transcription factor that helps the body’s antioxidant defense system. The inflammatory processes in IBD appear to be weakened by Nrf2, and some studies have indicated that increasing its activity with compounds like polyphenols can help protect against intestinal inflammation [120]. LPS-induced oxidative stress and NO elevation can be decreased by selenium: NO is involved in the pathogenesis of IBD and has the ability to stimulate TNF-alfa development [95]. Furthermore, selenium may be able to minimize the severity of IBD inflammation by inhibiting prostaglandin E2 (PGE2) pro-inflammatory activity [95]. Selenium has been shown to protect against lipid peroxidation, and selenium supplements have also been shown to be helpful in this regard [121]. It is unclear if selenium supplements will help human patients with IBD stay in remission but, given the important roles of selenium and selenoproteins in reducing oxidative stress, inhibiting inflammatory signaling pathways, and increasing the population of anti-inflammatory M2 macrophages, it is conceivable that appropriate selenium levels could help keep them in remission. A study was carried out to see if a combination of selenium and vitamin E could protect rats against experimental colitis caused by acetic acid [122]. In plasma and colon samples, researchers measured the activities of prolidase (PRS), catalase (CAT), total antioxidant capacity (TAC), myeloperoxidase (MPO), oxidative stress index (OSI), total oxidant status (TOS), and total thiol (T-SH). Selenium and vitamin E treatment reduced MPO activity in the colon (p < 0.05). Selenium and vitamin E enhanced TAC and T-SH in the colon (p < 0.05). According to these findings, selenium and vitamin E may play a significant role in the prevention of oxidative damage caused by acetic acid-induced inflammation.



Selenium consumption levels are typically between 11 and 280 g per day. In the typical population, selenium levels in plasma and blood are around 100 g/L. In healthy adults, urine concentrations range from 10 to 85 g/L. It has been discovered that human doses of 10 mg/kg and higher are linked to an increased risk of death. The intake of gun bluing compounds, which often contain selenous acid as well as other potentially poisonous substances, is linked to the majority of human fatal instances. The administration of organic selenium in the form of selenocysteine or selenomethionine was not linked to any cases of acute toxicity [123].



For a long time, selenium was considered solely as a toxic element in animals. Recommended selenium maximum level for complete dog food is 56.80 µg per 100 g dry matter (DM) [107]. Cases of intoxication in horses, hogs, cattle, and chicken were reported for several years but not in dogs where the no-observed-adverse-effect level (NOAEL) of organic selenium was set in beagle dogs [124]. Probably, carnivores are able to maintain a high level of selenium compared to other species of animals, like most farm animals [96]. An interest in studying this element in the lab started to highlight its importance for health. At the moment, research on this trace element mainly focuses on humans and farm animals [125]. There is still a need for further studies on selenium targeting different species, including dogs, cats, and other carnivores. In a study, dogs were fed with a diet supplemented with a preparation of selenium/zinc-enriched probiotics, the biomass of the final product was 26.83 g/L, organic Se concentration was 173.35 µg/g, organic Zn concentration was 4.38 mg/g, Candida utilis biomass was 8.69 lg colony-forming units (CFU)/mL, and Lactobacillus biomass was 9.61 lg CFU/mL). The study showed total antioxidant capacity in the blood increased, supporting the antioxidant capacity of selenium [111]. A recent review reported interesting results on the effects of a diet supplemented with selenium in dogs with cancer, reproductive problems, renal disease, and parasitical diseases [96]. Unfortunately, no specific studies on the effect of selenium alone or in combination with other nutraceuticals on CE in dogs or cats are available.





5.3. Vitamins


5.3.1. Vitamin A


The most notable member of the group of carotenoids found in the human diet is b-carotene (b-CAR), a naturally occurring provitamin A that is a significant source of vitamin A for humans. Dogs and cats should get enough vitamin A from their normal diet. Vitamin A is essential for maintaining the integrity of the gastrointestinal tract’s epithelial cell lining as well as regulating immune activity. Reduced carotenoid levels have been linked to increased indicators of inflammation and oxidative stress [17,18]. Both these issues play a role in the pathophysiology of UC in humans. When compared to persons with normal mucosa, human patients with UC have significantly low serum (b-CAR) values. A study found that b-CAR had a protective effect in a DSS-induced UC animal model by reducing inflammation, oxidative stress, fibrosis, and DNA damage. It also reduced colonic mucosal damage and prevented occludin, a tight junction protein, from being reduced in the colons of mice with DSS colitis [126]. Vitamin A toxicity is uncommon in humans, however, it can occur as a result of increased vitamin A intake or after retinoid injection for therapeutic purposes. When the blood concentration of retinol in the plasma exceeds 2.09 µM, hypervitaminosis is diagnosed. The overuse of dietary supplements is frequently linked to toxicity. Chronic toxicity can develop with a long-term ingestion of 10 mg/day of vitamin A in adults and 7.5–15 mg/day in children for several months. Intakes of less than 30 mg/day (25,000–30,000 IU/day) are unlikely to cause toxicity [127] Vitamin A has functions in supporting vision, bone growth, reproduction, cellular differentiation, and immune response in dogs [128]. Dogs and especially cats have no capacity to synthesize vitamin A from b-CAR, as happens in humans. The required amounts of Vitamin A have been described in a study, given that Vitamin A is necessary for growth, maintenance, and lactation in dogs and cats [129]. Recommended Vitamin A maximum level for complete dog food is 40,000 IU (nutritional) per 100 g dry matter (DM) [107] No specific trials assessing the effect of Vitamin A in dogs and cats with CE were found in the literature.




5.3.2. Vitamin E


Vitamin E is an essential vitamin, and a-tocopherol is the most active available form. Vitamin E is a lipophilic antioxidant that protects cellular membrane lipids from peroxidation, reduces the production of free radicals, and has anti-inflammatory properties. Enemas containing vitamin E reduced the disease symptoms of mild and moderately active human patients affected by UC in a clinical investigation [130]. Normally, cats and dogs experience oxidative damage that leads to chronic diseases. Vitamin E aids in preventing free radical damage. Findings of a study demonstrated that enhanced dietary levels of Vitamin E promote anti-oxidation and reduce oxidative damage in dogs and cats [131]. Dogs and cats should get enough vitamin E from their normal diet. Vitamin E can often be associated with Vitamin C in pets’ diet in order to increase antioxidant activity. No specific trials assessing the effect of Vitamin E in dogs and cats with CE were found in the literature [131].




5.3.3. Vitamin C


Vitamin C is a group of related water-soluble substances (ascorbic acid, L-ascorbic acid, ascorbate, L-ascorbate). It is an antioxidant-rich natural substance that is utilized as a health supplement. The effects of intraperitoneal injection of high-dose vitamin C (4 g/kg) on DSS-induced UC were investigated in a study. High-dose vitamin C delivery reduced interleukin-6, hydrogen peroxide (H2O2), tumor necrosis factor-alfa, and iron levels in the blood. High-dose vitamin C delivery, on the other hand, raised the levels of H2O2 and iron in the colon, as well as the amount of terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling-positive cells. In mice given high doses of vitamin C, the expression of collagen type I, fibroblasts, and collagen type III increased. These findings imply that taking a high-dose vitamin C supplement can improve UC inflammation [132]. Vitamin C deficiency has also been linked to an increased risk of osteoporosis in human patients suffering from IBD [133].



Research suggests that both healthy dogs and cats are able to synthesize vitamin C independently from diet, so it is not recommended to add this vitamin in the diet [134]. Studies on dogs and cats have assessed vitamin C levels in patients with various medical disorders. The majority of these studies are focused on diseases associated with increased oxidative stress, including cancer, cardiovascular, renal, and infectious diseases. Evaluation of the level of Vitamin C in sick animals and studies on the effects of diets supplemented with vitamin C are limited in the veterinary literature [134]. As reported in a recent review, vitamin C was used in cases of severe burn injury in sheep, ischemic-reperfusion injury in a model of renal transplant in dogs, shock/traumatic injury in pigs [134]. The effect of vitamin C as an antioxidant has been confirmed in several studies suggesting a promising use in animals with severe oxidative damage. No specific trials assessing the effect of this vitamin in dogs and cats with CE have been found in the literature.
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Table 1. Main human trials testing the antioxidant effects of nutraceuticals in CID patients.
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Nutraceutical

	
Human Trial [Reference]

	
Proved Effectiveness in Human CID Patients






	
Phytocomplex




	
Curcuma longa

	
Yes [62]

	
More effective than placebo in keeping human patients with quiescent UC in remission




	
Aloe vera

	
Yes [70]

	
Produces clinical response more frequently than placebo and reduction in histological disease activity




	
Boswellia serrata

	
Yes [73,74]

	
Maintains remission over a prolonged period in UC patients




	
Triticum aestivum

	
Yes [78]

	
Efficient treatment for active distal UC as a single or adjuvant treatment




	
Plantago ovata

	
Yes [82]

	
Its seeds have been shown to be as effective as mesalazine in preventing UC relapse




	
Serpylli herba

	
no

	
NA




	
Vaccinium myrtillus

	
Yes [86]

	
Endoscopic and histologic disease activity, as well as fecal calprotectin levels, were considerably reduced in UC




	
Camellia sinensis

	
no

	
NA




	
Citrus

	
no

	
NA




	
Trace elements




	
Zinc

	
no

	
NA




	
Selenium

	
no

	
NA




	
Vitamins




	
Vitamin A

	
no

	
NA




	
Vitamin E

	
Yes [130]

	
Enemas containing vitamin E reduced the disease symptoms of mild and moderately active UC




	
Vitamin C

	
no

	
NA








NA: no data available, UC: ulcerative colitis.














6. Concluding Remarks


Although an increasing number of new drugs are entering the market, especially to treat IBD in humans and serious CE in pets, the efficacy and the safety profiles of the current medications are far from optimal. Because CID is similar in pets (cats and dogs) and humans, the best of both experiences can benefit both worlds. Animals can represent a model for humans (they have a shorter lifespan and diseases have a faster course), while the human medicine field has a cutting-edge approach useful for the veterinary sector.



This review highlights the strong evidence for the antioxidant effect of all the selected nutraceuticals in both human and veterinary medicine. Unfortunately, in vivo studies where nutraceuticals are specifically used for treating CID are lacking in humans and absent in animals. However, given their unquestionable antioxidant and anti-inflammatory properties, most of these substances can be considered as a promising alternative for regular treatments of CID. In this perspective, the use of dietary interventions and complementary feeds could be beneficial for our patients in terms of efficacy and safety. New randomized controlled trials are needed to confirm their usefulness.







Author Contributions


Conceptualization, G.M., D.G.R.; methodology, D.G.R., E.M.; resources, G.M.; writing—original draft preparation, G.M., D.G.R. and E.M.; writing—review and editing, N.B., V.S., D.A., E.R., G.T. and A.A.; supervision, G.M., D.G.R. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Actis, G.C.; Pellicano, R.; Fagoonee, S.; Ribaldone, D.G. History of inflammatory bowel diseases. J. Clin. Med. 2019, 8, 1970. [Google Scholar] [CrossRef] [PubMed]

	



Actis, G.C.; Rosina, F. Inflammatory bowel disease: An archetype disorder of outer environment sensor systems. World J. Gastrointest. Pharmacol. Ther. 2013, 4, 41–46. [Google Scholar] [CrossRef] [PubMed]

	



Ho, G.T.; Porter, R.J.; Kalla, R. Ulcerative colitis: Recent advances in the understanding of disease pathogenesis. F1000Research 2020, 9, Rev-294. [Google Scholar]

	



De Souza, H.S.P.; Fiocchi, C.; Iliopoulos, D. The IBD interactome: An integrated view of aetiology, pathogenesis and therapy. Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 739–749. [Google Scholar] [CrossRef] [PubMed]

	



Dandrieux, J.R.S.; Mansfield, C.S. Chronic Enteropathy In Canines: Prevalence, Impact And Management Strategies. Vet. Med. 2019, 10, 203–214. [Google Scholar] [CrossRef]

	



Hemida, M.; Vuori, K.A.; Moore, R.; Anturaniemi, J.; Hielm-Björkman, A. Early Life Modifiable Exposures and Their Association With Owner Reported Inflammatory Bowel Disease Symptoms in Adult Dogs. Front. Vet. Sci. 2021, 8, 552350. [Google Scholar] [CrossRef]

	



Cerquetella, M.; Spaterna, A.; Laus, F.; Tesei, B.; Rossi, G.; Antonelli, E.; Villanacci, V.; Bassotti, G. Inflammatory bowel disease in the dog: Differences and similarities with humans. World J. Gastroenterol. 2010, 16, 1050–1056. [Google Scholar] [CrossRef]

	



Jergens Albert, E. Inflammatory bowel disease in veterinary medicine. Front. Biosci. 2012, E4, 1404. [Google Scholar] [CrossRef]

	



Makielski, K.; Cullen, J.; O’Connor, A.; Jergens, A.E. Narrative review of therapies for chronic enteropathies in dogs and cats. J. Vet. Intern. Med. 2019, 33, 11–22. [Google Scholar] [CrossRef]

	



Allenspach, K. Clinical immunology and immunopathology of the canine and feline intestine. Vet. Clin. N. Am. Small Anim. Pract. 2011, 41, 345–360. [Google Scholar] [CrossRef]

	



Kathrani, A.; Werling, D.; Allenspach, K. Canine breeds at high risk of developing inflammatory bowel disease in the south-eastern UK. Vet. Rec. 2011, 169, 635. [Google Scholar] [CrossRef] [PubMed]

	



Kathrani, A. Dietary and Nutritional Approaches to the Management of Chronic Enteropathy in Dogs and Cats. Vet. Clin. N. Am. Small Anim. Pract. 2021, 51, 123–136. [Google Scholar] [CrossRef] [PubMed]

	



Pizzino, G.; Irrera, N.; Cucinotta, M.; Pallio, G.; Mannino, F.; Arcoraci, V.; Squadrito, F.; Altavilla, D.; Bitto, A. Oxidative Stress: Harms and Benefits for Human Health. Oxid. Med. Cell. Longev. 2017, 2017, 8416763. [Google Scholar] [CrossRef] [PubMed]

	



Moret-Tatay, I.; Iborra, M.; Cerrillo, E.; Tortosa, L.; Nos, P.; Beltrán, B. Possible biomarkers in blood for Crohn’s disease: Oxidative stress and microRNAs—Current evidences and further aspects to unravel. Oxid. Med. Cell. Longev. 2016, 2016, 2325162. [Google Scholar] [CrossRef]

	



Balmus, I.; Ciobica, A.; Trifan, A.; Stanciu, C. The implications of oxidative stress and antioxidant therapies in Inflammatory Bowel Disease: Clinical aspects and animal models. Saudi J. Gastroenterol. 2016, 22, 3–17. [Google Scholar] [CrossRef]

	



Zhu, H.; Li, Y.R. Oxidative stress and redox signaling mechanisms of inflammatory bowel disease: Updated experimental and clinical evidence. Exp. Biol. Med. 2012, 237, 474–480. [Google Scholar] [CrossRef]

	



Minamoto, Y.; Otoni, C.C.; Steelman, S.M.; Büyükleblebici, O.; Steiner, J.M.; Jergens, A.E.; Suchodolski, J.S. Alteration of the fecal microbiota and serum metabolite profiles in dogs with idiopathic inflammatory bowel disease. Gut Microbes 2015, 6, 33–47. [Google Scholar] [CrossRef]

	



Gionchetti, P.; Dignass, A.; Danese, S.; Magro Dias, F.J.; Rogler, G.; Lakatos, P.L.; Adamina, M.; Ardizzone, S.; Buskens, C.J.; Sebastian, S.; et al. 3rd European Evidence-based Consensus on the Diagnosis and Management of Crohn’s Disease 2016: Part 2: Surgical Management and Special Situations. J. Crohn’s Colitis 2017, 11, 135–149. [Google Scholar] [CrossRef]

	



Harbord, M.; Eliakim, R.; Bettenworth, D.; Karmiris, K.; Katsanos, K.; Kopylov, U.; Kucharzik, T.; Molnár, T.; Raine, T.; Sebastian, S.; et al. Third European evidence-based consensus on diagnosis and management of ulcerative colitis. Part 2: Current management. J. Crohn’s Colitis 2017, 11, 769–784. [Google Scholar] [CrossRef]

	



Lichtenstein, G.R.; Loftus, E.V.; Isaacs, K.L.; Regueiro, M.D.; Gerson, L.B.; Sands, B.E. ACG Clinical Guideline: Management of Crohn’s Disease in Adults. Am. J. Gastroenterol. 2018, 113, 481–517. [Google Scholar] [CrossRef]

	



Criscuoli, V.; Modesto, I.; Orlando, A.; Cottone, M. Mesalazine for the treatment of inflammatory bowel disease. Expert Opin. Pharmacother. 2013, 14, 1669–1678. [Google Scholar] [CrossRef] [PubMed]

	



Salice, M.; Rizzello, F.; Calabrese, C.; Privitera Hrustemovic, H.; Gionchetti, P. Budesonide MMX: Efficacy and safety profile in the treatment of ulcerative colitis. Expert Rev. Gastroenterol. Hepatol. 2019, 13, 607–613. [Google Scholar] [CrossRef] [PubMed]

	



Cushing, K.; Higgins, P.D.R. Management of Crohn Disease: A Review. JAMA J. Am. Med. Assoc. 2021, 325, 69–80. [Google Scholar] [CrossRef] [PubMed]

	



Actis, G.C.; Pellicano, R.; Ribaldone, D.G. A concise history of thiopurines for inflammatory bowel disease: From anecdotal reporting to treat-to-target algorithms. Rev. Recent Clin. Trials 2019, 14, 4–9. [Google Scholar] [CrossRef]

	



Saettone, V.; Biasato, I.; Radice, E.; Schiavone, A.; Bergero, D.; Meineri, G. State-of-the-Art of the Nutritional Alternatives to the Use of Antibiotics in Humans and Monogastric Animals. Animals 2020, 10, 2199. [Google Scholar] [CrossRef]

	



Tursi, A.; Mocci, G.; Elisei, W.; Allegretta, L.; Colucci, R.; Della Valle, N.; De Medici, A.; Faggiani, R.; Ferronato, A.; Forti, G.; et al. Long-term, Real-life, Observational Study in Treating Outpatient Ulcerative Colitis with Golimumab. J. Gastrointestin. Liver Dis. 2021, 30, 456–461. [Google Scholar] [CrossRef]

	



Roda, G.; Jharap, B.; Neeraj, N.; Colombel, J.F. Loss of Response to Anti-TNFs: Definition, Epidemiology, and Management. Clin. Transl. Gastroenterol. 2016, 7, e135. [Google Scholar] [CrossRef]

	



Bertani, L.; Caviglia, G.P.; Antonioli, L.; Pellicano, R.; Fagoonee, S.; Astegiano, M.; Saracco, G.M.; Bugianesi, E.; Blandizzi, C.; Costa, F.; et al. Serum Interleukin-6 and -8 as Predictors of Response to Vedolizumab in Inflammatory Bowel Diseases. J. Clin. Med. 2020, 9, 1323. [Google Scholar] [CrossRef]

	



Osuna, C.G.; Gómez-Vila, B.; Pariente, J.A.; Losada, B.V.; de Castro, C.G.; López, S.R.; Velázquez, Á.D.; García, L.P.; Fernández, L.O.; Diez, S.G.; et al. Ustekinumab drug survival in patients with psoriasis: A retrospective study of real clinical practice. Medicina 2020, 56, 584. [Google Scholar] [CrossRef]

	



Sandborn, W.J.; Lawendy, N.; Danese, S.; Su, C.; Loftus, E.V.; Hart, A.; Dotan, I.; Damião, A.O.M.C.; Judd, D.T.; Guo, X.; et al. Safety and efficacy of tofacitinib for treatment of ulcerative colitis: Final analysis of OCTAVE Open, an open-label, long-term extension study with up to 7.0 years of treatment. Aliment. Pharmacol. Ther. 2022, 55, 464–478. [Google Scholar] [CrossRef]

	



Sturgess, K. Diagnosis and management of idiopathic inflammatory bowel disease in dogs and cats. In Pract. 2005, 27, 293–301. [Google Scholar] [CrossRef]

	



Kilpinen, S.; Spillmann, T.; Westermarck, E. Efficacy of two low-dose oral tylosin regimens in controlling the relapse of diarrhea in dogs with tylosin-responsive diarrhea: A prospective, single-blinded, two-arm parallel, clinical field trial. Acta Vet. Scand. 2014, 56, 43. [Google Scholar] [CrossRef] [PubMed]

	



Menozzi, A.; Dall’Aglio, M.; Quintavalla, F.; Dallavalle, L.; Meucci, V.; Bertini, S. Rifaximin is an effective alternative to metronidazole for the treatment of chronic enteropathy in dogs: A randomised trial. BMC Vet. Res. 2016, 12, 217. [Google Scholar] [CrossRef] [PubMed]

	



Malewska, K.; Rychlik, A.; Nieradka, R.; Kander, M. Treatment of inflammatory bowel disease (IBD) in dogs and cats. Pol. J. Vet. Sci. 2011, 14, 165–171. [Google Scholar] [CrossRef]

	



Viviano, K.R. Update on immununosuppressive therapies for dogs and cats. Vet. Clin. N. Am. Small Anim. Pract. 2013, 43, 1149–1170. [Google Scholar] [CrossRef]

	



Ruemmele, F.M.; Veres, G.; Kolho, K.L.; Griffiths, A.; Levine, A.; Escher, J.C.; Amil Dias, J.; Barabino, A.; Braegger, C.P.; Bronsky, J.; et al. Consensus guidelines of ECCO/ESPGHAN on the medical management of pediatric Crohn’s disease. J. Crohn’s Colitis 2014, 8, 1179–1207. [Google Scholar] [CrossRef]

	



Bischoff, S.C.; Escher, J.; Hébuterne, X.; Kłęk, S.; Krznaric, Z.; Schneider, S.; Shamir, R.; Stardelova, K.; Wierdsma, N.; Wiskin, A.E.; et al. ESPEN practical guideline: Clinical Nutrition in inflammatory bowel disease. Clin. Nutr. 2020, 39, 632–653. [Google Scholar] [CrossRef]

	



Dandrieux, J.R.S. Inflammatory bowel disease versus chronic enteropathy in dogs: Are they one and the same? J. Small Anim. Pract. 2016, 57, 589–599. [Google Scholar] [CrossRef]

	



Howeler, J.F.; Hewson, A.D. Dietary fibre and toxaemia of pregnancy. Med. J. Aust. 1957, 44, 761–763. [Google Scholar] [CrossRef]

	



Hamaker, B.R.; Tuncil, Y.E. A perspective on the complexity of dietary fiber structures and their potential effect on the gut microbiota. J. Mol. Biol. 2014, 426, 3838–3850. [Google Scholar] [CrossRef]

	



Valcheva, R.; Dieleman, L.A. Prebiotics: Definition and protective mechanisms. Best Pract. Res. Clin. Gastroenterol. 2016, 30, 27–37. [Google Scholar] [CrossRef] [PubMed]

	



Mudgil, D.; Barak, S. Composition, properties and health benefits of indigestible carbohydrate polymers as dietary fiber: A review. Int. J. Biol. Macromol. 2013, 61, 1–6. [Google Scholar] [CrossRef] [PubMed]

	



Armstrong, H.; Mander, I.; Zhang, Z.; Armstrong, D.; Wine, E. Not All Fibers Are Born Equal; Variable Response to Dietary Fiber Subtypes in IBD. Front. Pediatr. 2021, 8, 620189. [Google Scholar] [CrossRef] [PubMed]

	



Cockburn, D.W.; Koropatkin, N.M. Polysaccharide Degradation by the Intestinal Microbiota and Its Influence on Human Health and Disease. J. Mol. Biol. 2016, 428, 3230–3252. [Google Scholar] [CrossRef]

	



Amre, D.K.; D’Souza, S.; Morgan, K.; Seidman, G.; Lambrette, P.; Grimard, G.; Israel, D.; MacK, D.; Ghadirian, P.; Deslandres, C.; et al. Imbalances in dietary consumption of fatty acids, vegetables, and fruits are associated with risk for crohn’s disease in children. Am. J. Gastroenterol. 2007, 102, 2016–2025. [Google Scholar] [CrossRef]

	



Issa, M.; Saeian, K. Diet in inflammatory bowel disease. Nutr. Clin. Pract. 2011, 26, 151–154. [Google Scholar] [CrossRef]

	



Maslowski, K.M.; MacKay, C.R. Diet, gut microbiota and immune responses. Nat. Immunol. 2011, 12, 5–9. [Google Scholar] [CrossRef]

	



Cohen, A.B.; Lee, D.; Long, M.D.; Kappelman, M.D.; Martin, C.F.; Sandler, R.S.; Lewis, J.D. Dietary patterns and self-reported associations of diet with symptoms of inflammatory bowel disease. Dig. Dis. Sci. 2013, 58, 1322–1328. [Google Scholar] [CrossRef]

	



Sood, A.; Ahuja, V.; Kedia, S.; Midha, V.; Mahajan, R.; Mehta, V.; Sudhakar, R.; Singh, A.; Kumar, A.; Puri, A.S.; et al. Diet and inflammatory bowel disease: The Asian Working Group guidelines. Indian J. Gastroenterol. 2019, 38, 220–246. [Google Scholar] [CrossRef]

	



Triantafillidis, J.K.; Vagianos, C.; Papalois, A.E. The role of enteral nutrition in patients with inflammatory bowel disease: Current aspects. BioMed Res. Int. 2015, 2015, 197167. [Google Scholar] [CrossRef]

	



Yu, Y.; Chen, K.C.; Chen, J. Exclusive enteral nutrition versus corticosteroids for treatment of pediatric Crohn’s disease: A meta-analysis. World J. Pediatr. 2019, 15, 26–36. [Google Scholar] [CrossRef] [PubMed]

	



Walton, C.; Montoya, M.P.B.; Fowler, D.P.; Turner, C.; Jia, W.; Whitehead, R.N.; Griffiths, L.; Waring, R.H.; Ramsden, D.B.; Cole, J.A.; et al. Enteral feeding reduces metabolic activity of the intestinal microbiome in Crohn’s disease: An observational study. Eur. J. Clin. Nutr. 2016, 70, 1052–1056. [Google Scholar] [CrossRef] [PubMed]

	



Burgis, J.C.; Nguyen, K.; Park, K.T.; Cox, K. Response to strict and liberalized specific carbohydrate diet in pediatric Crohn’s disease. World J. Gastroenterol. 2016, 22, 2111–2117. [Google Scholar] [CrossRef]

	



Olendzki, B.C.; Silverstein, T.D.; Persuitte, G.M.; Ma, Y.; Baldwin, K.R.; Cave, D. An anti-inflammatory diet as treatment for inflammatory bowel disease: A case series report. Nutr. J. 2014, 13, 5. [Google Scholar] [CrossRef] [PubMed]

	



Ambrosini, Y.M.; Neuber, S.; Borcherding, D.; Seo, Y.J.; Segarra, S.; Glanemann, B.; Garden, O.A.; Müller, U.; Adam, M.G.; Dang, V.; et al. Treatment With Hydrolyzed Diet Supplemented With Prebiotics and Glycosaminoglycans Alters Lipid Metabolism in Canine Inflammatory Bowel Disease. Front. Vet. Sci. 2020, 7, 451. [Google Scholar] [CrossRef]

	



Hand, M.S.; Lewis, L.D. Small Animal Clinical Nutrition; Mark Morris Institute: Topeka, KS, USA, 2010; ISBN 9780615297019. [Google Scholar]

	



Biesalski, H.K. Nutraceuticals: The link between nutrition and medicine. J. Toxicol. Cutan. Ocul. Toxicol. 2002, 21, 9–30. [Google Scholar] [CrossRef]

	



Gupta, D.D.; Mishra, S.; Verma, S.S.; Shekher, A.; Rai, V.; Awasthee, N.; Das, T.J.; Paul, D.; Das, S.K.; Tag, H.; et al. Evaluation of antioxidant, anti-inflammatory and anticancer activities of diosgenin enriched Paris polyphylla rhizome extract of Indian Himalayan landraces. J. Ethnopharmacol. 2021, 270, 113842. [Google Scholar] [CrossRef]

	



Mannucci, C.; Casciaro, M.; Sorbara, E.E.; Calapai, F.; Di Salvo, E.; Pioggia, G.; Navarra, M.; Calapai, G.; Gangemi, S. Nutraceuticals against Oxidative Stress in Autoimmune Disorders. Antioxidants 2021, 10, 261. [Google Scholar] [CrossRef]

	



Day, A.S. Use of complementary and alternative therapies and probiotic agents by children attending gastroenterology outpatient clinics. J. Paediatr. Child Health 2002, 38, 343–346. [Google Scholar] [CrossRef]

	



Lin, Z.; Liu, H.; Yang, C.; Zheng, H.; Zhang, Y.; Su, W.; Shang, J. Curcumin mediates autophagy and apoptosis in granulosa cells: A study of integrated network pharmacology and molecular docking to elucidate toxicological mechanisms. Drug Chem. Toxicol. 2021, 1–13. [Google Scholar] [CrossRef]

	



Coelho, M.R.; Romi, M.D.; Ferreira, D.M.T.P.; Zaltman, C.; Soares-Mota, M. The Use of Curcumin as a Complementary Therapy in Ulcerative Colitis: A Systematic Review of Randomized Controlled Clinical Trials. Nutrients 2020, 12, 2296. [Google Scholar] [CrossRef] [PubMed]

	



Gupta, S.C.; Patchva, S.; Aggarwal, B.B. Therapeutic roles of curcumin: Lessons learned from clinical trials. AAPS J. 2013, 15, 195–218. [Google Scholar] [CrossRef] [PubMed]

	



Hanai, H.; Iida, T.; Takeuchi, K.; Watanabe, F.; Maruyama, Y.; Andoh, A.; Tsujikawa, T.; Fujiyama, Y.; Mitsuyama, K.; Sata, M.; et al. Curcumin maintenance therapy for ulcerative colitis: Randomized, multicenter, double-blind, placebo-controlled trial. Clin. Gastroenterol. Hepatol. 2006, 4, 1502–1506. [Google Scholar] [CrossRef]

	



Campigotto, G.; Alba, D.F.; Sulzbach, M.M.; Dos Santos, D.S.; Souza, C.F.; Baldissera, M.D.; Gundel, S.; Ourique, A.F.; Zimmer, F.; Petrolli, T.G.; et al. Dog food production using curcumin as antioxidant: Effects of intake on animal growth, health and feed conservation. Arch. Anim. Nutr. 2020, 74, 397–413. [Google Scholar] [CrossRef] [PubMed]

	



Dulbecco, P.; Savarino, V. Therapeutic potential of curcumin in digestive diseases. World J. Gastroenterol. 2013, 19, 9256–9270. [Google Scholar] [CrossRef]

	



Huang, W.T.; Niu, K.C.; Chang, C.K.; Lin, M.T.; Chang, C.P. Curcumin inhibits the increase of glutamate, hydroxyl radicals and PGE2 in the hypothalamus and reduces fever during LPS-induced systemic inflammation in rabbits. Eur. J. Pharmacol. 2008, 593, 105–111. [Google Scholar] [CrossRef]

	



Hęś, M.; Dziedzic, K.; Górecka, D.; Jędrusek-Golińska, A.; Gujska, E. Aloe vera (L.) Webb.: Natural Sources of Antioxidants—A Review. Plant Foods Hum. Nutr. 2019, 74, 255–265. [Google Scholar] [CrossRef]

	



Nejatzadeh-Barandozi, F. Antibacterial activities and antioxidant capacity of Aloe vera. Org. Med. Chem. Lett. 2013, 3, 5. [Google Scholar] [CrossRef]

	



Langmead, L.; Feakins, R.M.; Goldthorpe, S.; Holt, H.; Tsironi, E.; De Silva, A.; Jewell, D.P.; Rampton, D.S. Randomized, double-blind, placebo-controlled trial of oral aloe vera gel for active ulcerative colitis. Aliment. Pharmacol. Ther. 2004, 19, 739–747. [Google Scholar] [CrossRef]

	



Lans, C.; Turner, N.; Khan, T.; Brauer, G. Ethnoveterinary medicines used to treat endoparasites and stomach problems in pigs and pets in British Columbia, Canada. Vet. Parasitol. 2007, 148, 325–340. [Google Scholar] [CrossRef]

	



Ammon, H.P.T. Boswellic acids and their role in chronic inflammatory diseases. In Advances in Experimental Medicine and Biology; Springer: New York, NY, USA, 2016; Volume 928, pp. 291–327. [Google Scholar]

	



Pellegrini, L.; Milano, E.; Franceschi, F. Managing ulcerative colitis in remission phase: Usefulness of Casperome®, an innovative lecithin-based delivery system of Boswellia serrata extract—PubMed. Eur. Rev. Med. Pharmacol. Sci. 2016, 20, 2695–2700. [Google Scholar] [PubMed]

	



Gupta, I.; Parihar, A.; Malhotra, P.; Gupta, S.; Lüdtke, R.; Safayhi, H.; Ammon, H.P.T. Effects of gum resin of Boswellia serrata in patients with chronic colitis. Planta Med. 2001, 67, 391–395. [Google Scholar] [CrossRef] [PubMed]

	



Umar, S.; Umar, K.; Sarwar, A.H.M.G.; Khan, A.; Ahmad, N.; Ahmad, S.; Katiyar, C.K.; Husain, S.A.; Khan, H.A. Boswellia serrata extract attenuates inflammatory mediators and oxidative stress in collagen induced arthritis. Phytomedicine 2014, 21, 847–856. [Google Scholar] [CrossRef] [PubMed]

	



Caterino, C.; Aragosa, F.; della Valle, G.; Costanza, D.; Lamagna, F.; Piscitelli, A.; Nieddu, A.; Fatone, G. Clinical efficacy of Curcuvet and Boswellic acid combined with conventional nutraceutical product: An aid to canine osteoarthritis. PLoS ONE 2021, 16, e0252279. [Google Scholar] [CrossRef]

	



Martello, E.; Biasibetti, E.; Bigliati, M.; Meineri, G.; Bruni, N. Preliminary results on the efficacy of a dietary supplement combined with physiotherapy in dogs with osteoarthritis on biomarkers of oxidative stress and inflammation. Ital. J. Anim. Sci. 2021, 20, 2131–2133. [Google Scholar] [CrossRef]

	



Ben-Arye, E.; Goldin, E.; Wengrower, D.; Stamper, A.; Kohn, R.; Berry, E. Wheat grass juice in the treatment of active distal ulcerative colitis: A randomized double-blind placebo-controlled trial. Scand. J. Gastroenterol. 2002, 37, 444–449. [Google Scholar] [CrossRef]

	



Marsili, V.; Calzuola, I.; Gianfranceschi, G.L. Nutritional relevance of wheat sprouts containing high levels of organic phosphates and antioxidant compounds. J. Clin. Gastroenterol. 2004, 38, S123–S126. [Google Scholar] [CrossRef]

	



Madgulkar, A.R.; Rao, M.R.P.; Warrier, D. Characterization of Psyllium (Plantago ovata) Polysaccharide and Its Uses. Polysaccharides 2015, 871–890. [Google Scholar] [CrossRef]

	



Baghizadeh, A.; Davati, A.; Heidarloo, A.J.; Emadi, F.; Aliasl, J. Efficacy of Plantago major seed in management of ulcerative colitis symptoms: A randomized, placebo controlled, clinical trial. Complement. Ther. Clin. Pract. 2021, 44, 101444. [Google Scholar] [CrossRef]

	



Fernández-Bañares, F.; Hinojosa, J.; Sánchez-Lombraña, J.L.; Navarro, E.; Martínez-Salmerón, J.F.; García-Pugés, A.; González-Huix, F.; Riera, J.; González-Lara, V.; Domínguez-Abascal, F.; et al. Randomized Clinical Trial of Plantago Ovata Seeds (Dietary Fiber) As Compared With Mesalamine in Maintaining Remission in Ulcerative Colitis. Am. J. Gastroenterol. 1999, 94, 427–433. [Google Scholar] [CrossRef]

	



Najafian, Y.; Hamedi, S.S.; Kaboli Farshchi, M.; Feyzabadi, Z. Plantago major in Traditional Persian Medicine and modern phytotherapy: A narrative review. Electron. Physician 2018, 10, 6390–6399. [Google Scholar] [CrossRef] [PubMed]

	



Algieri, F.; Rodriguez-Nogales, A.; Garrido-Mesa, N.; Zorrilla, P.; Burkard, N.; Pischel, I.; Sievers, H.; Benedek, B.; Feistel, B.; Walbroel, B.; et al. Intestinal anti-inflammatory activity of the Serpylli herba extract in experimental models of rodent colitis. J. Crohns. Colitis 2014, 8, 775–788. [Google Scholar] [CrossRef] [PubMed]

	



Nakajima, J.I.; Tanaka, I.; Seo, S.; Yamazaki, M.; Saito, K. LC/PDA/ESI-MS Profiling and Radical Scavenging Activity of Anthocyanins in Various Berries. J. Biomed. Biotechnol. 2004, 2004, 241–247. [Google Scholar] [CrossRef] [PubMed]

	



Biedermann, L.; Mwinyi, J.; Scharl, M.; Frei, P.; Zeitz, J.; Kullak-Ublick, G.A.; Vavricka, S.R.; Fried, M.; Weber, A.; Humpf, H.U.; et al. Bilberry ingestion improves disease activity in mild to moderate ulcerative colitis—An open pilot study. J. Crohns. Colitis 2013, 7, 271–279. [Google Scholar] [CrossRef]

	



Sgorlon, S.; Stefanon, B.; Sandri, M.; Colitti, M. Nutrigenomic activity of plant derived compounds in health and disease: Results of a dietary intervention study in dog. Res. Vet. Sci. 2016, 109, 142–148. [Google Scholar] [CrossRef]

	



Liu, Y.; Wang, X.; Chen, Q.; Luo, L.; Ma, M.; Xiao, B.; Zeng, L. Camellia sinensis and Litsea coreana Ameliorate Intestinal Inflammation and Modulate Gut Microbiota in Dextran Sulfate Sodium-Induced Colitis Mice. Mol. Nutr. Food Res. 2020, 64, 1900943. [Google Scholar] [CrossRef]

	



Oz, H.S. Chronic Inflammatory Diseases and Green Tea Polyphenols. Nutrients 2017, 9, 561. [Google Scholar] [CrossRef]

	



Doustfatemeh, S.; Imanieh, M.H.; Mohagheghzade, A.; Zarshenas, M.M.; Torkamani, Z.; Yousefi, G.; Farahangiz, S.; Salehi, A. The Effect of Black Tea (Camellia sinensis (L) Kuntze) on Pediatrics With Acute Nonbacterial Diarrhea: A Randomized Controlled Trial. J. Evid. Based. Complement. Altern. Med. 2017, 22, 114. [Google Scholar] [CrossRef]

	



Rahman, S.U.; Huang, Y.; Zhu, L.; Chu, X.; Junejo, S.A.; Zhang, Y.; Khan, I.M.; Li, Y.; Feng, S.; Wu, J.; et al. Tea polyphenols attenuate liver inflammation by modulating obesity-related genes and down-regulating COX-2 and iNOS expression in high fat-fed dogs. BMC Vet. Res. 2020, 16, 234. [Google Scholar] [CrossRef]

	



Hininger-Favier, I.; Benaraba, R.; Coves, S.; Anderson, R.A.; Roussel, A.M. Green tea extract decreases oxidative stress and improves insulin sensitivity in an animal model of insulin resistance, the fructose-fed rat. J. Am. Coll. Nutr. 2009, 28, 355–361. [Google Scholar] [CrossRef]

	



Li, H.; Wei, Y.; Li, X.; Zhang, S.; Zhang, R.; Li, J.; Ma, B.; Shao, S.; Lv, Z.; Ruan, H.; et al. Diosmetin has therapeutic efficacy in colitis regulating gut microbiota, inflammation, and oxidative stress via the circ-Sirt1/Sirt1 axis. Acta Pharmacol. Sin. 2021; Online ahead of print. [Google Scholar] [CrossRef] [PubMed]

	



Larrosa, M.; González-Sarrías, A.; Yáñez-Gascón, M.J.; Selma, M.V.; Azorín-Ortuño, M.; Toti, S.; Tomás-Barberán, F.; Dolara, P.; Espín, J.C. Anti-inflammatory properties of a pomegranate extract and its metabolite urolithin-A in a colitis rat model and the effect of colon inflammation on phenolic metabolism. J. Nutr. Biochem. 2010, 21, 717–725. [Google Scholar] [CrossRef] [PubMed]

	



Vaghari-Tabari, M.; Jafari-Gharabaghlou, D.; Sadeghsoltani, F.; Hassanpour, P.; Qujeq, D.; Rashtchizadeh, N.; Ghorbanihaghjo, A. Zinc and Selenium in Inflammatory Bowel Disease: Trace Elements with Key Roles? Biol. Trace Elem. Res. 2020, 199, 3190–3204. [Google Scholar] [CrossRef]

	



Zentrichová, V.; Pechová, A.; Kovaříková, S. Selenium and Dogs: A Systematic Review. Animals 2021, 11, 418. [Google Scholar] [CrossRef] [PubMed]

	



Gammoh, N.Z.; Rink, L. Zinc in infection and inflammation. Nutrients 2017, 9, 624. [Google Scholar] [CrossRef]

	



Gîlcǎ-Blanariu, G.E.; Diaconescu, S.; Ciocoiu, M.; Tefǎnescu, G. New Insights into the Role of Trace Elements in IBD. BioMed Res. Int. 2018, 2018, 1813047. [Google Scholar] [CrossRef]

	



Ranaldi, G.; Ferruzza, S.; Canali, R.; Leoni, G.; Zalewski, P.D.; Sambuy, Y.; Perozzi, G.; Murgia, C. Intracellular zinc is required for intestinal cell survival signals triggered by the inflammatory cytokine TNFα. J. Nutr. Biochem. 2013, 24, 967–976. [Google Scholar] [CrossRef]

	



Mohammadi, E.; Qujeq, D.; Taheri, H.; Hajian-Tilaki, K. Evaluation of Serum Trace Element Levels and Superoxide Dismutase Activity in Patients with Inflammatory Bowel Disease: Translating Basic Research into Clinical Application. Biol. Trace Elem. Res. 2017, 177, 235–240. [Google Scholar] [CrossRef]

	



Oteiza, P.I. Zinc and the modulation of redox homeostasis. Free Radic. Biol. Med. 2012, 53, 1748–1759. [Google Scholar] [CrossRef]

	



Sato, M.; Bremner, I. Oxygen free radicals and metallothionein. Free Radic. Biol. Med. 1993, 14, 325–337. [Google Scholar] [CrossRef]

	



Colombo, G.; Clemente, N.; Zito, A.; Bracci, C.; Colombo, F.S.; Sangaletti, S.; Jachetti, E.; Ribaldone, D.G.; Caviglia, G.P.; Pastorelli, L.; et al. Neutralization of extracellular NAMPT (nicotinamide phosphoribosyltransferase) ameliorates experimental murine colitis. J. Mol. Med. 2020, 98, 595–612. [Google Scholar] [CrossRef] [PubMed]

	



Choi, S.; Liu, X.; Pan, Z. Zinc deficiency and cellular oxidative stress: Prognostic implications in cardiovascular diseases review-article. Acta Pharmacol. Sin. 2018, 39, 1120–1132. [Google Scholar] [CrossRef] [PubMed]

	



Miyoshi, Y.; Tanabe, S.; Suzuki, T. Cellular zinc is required for intestinal epithelial barrier maintenance via the regulation of claudin-3 and occludin expression. Am. J. Physiol. Gastrointest. Liver Physiol. 2016, 311, G105–G116. [Google Scholar] [CrossRef] [PubMed]

	



Chinni, V.; El-Khoury, J.; Perera, M.; Bellomo, R.; Jones, D.; Bolton, D.; Ischia, J.; Patel, O. Zinc supplementation as an adjunct therapy for COVID-19: Challenges and opportunities. Br. J. Clin. Pharmacol. 2021, 87, 3737–3746. [Google Scholar] [CrossRef]

	



Amorim Zafalon, R.V.; Perini, M.P.; Annibale Vendramini, T.H.; Pedrinelli, V.; Rentas, M.F.; Morilha, I.B.; Fiuza Henríquez, L.B.; Consentino Conti, R.M.; Brunetto, M.A. Vitamin-mineral supplements do not guarantee the minimum recommendations and may imply risks of mercury poisoning in dogs and cats. PLoS ONE 2021, 16, e0250738. [Google Scholar]

	



Sakai, K.; Hatoya, S.; Furuya, M.; Shimamura, S.; Nabetani, T.; Tani, H.; Shimada, T. Decreased serum zinc concentration in dogs with lymphocytic-plasmacytic enteritis, and its associations with disease severity and prognosis. J. Vet. Med. Sci. 2020, 82, 759–763. [Google Scholar] [CrossRef]

	



Cummings, J.E.; Kovacic, J.P. The ubiquitous role of zinc in health and disease. J. Vet. Emerg. Crit. Care 2009, 19, 215–240. [Google Scholar] [CrossRef]

	



Naveh, Y.; Bentur, L.; Diamond, E. Site of zinc absorption in dog small intestine. J. Nutr. 1988, 118, 61–64. [Google Scholar] [CrossRef]

	



Ren, Z.; Zhao, Z.; Wang, Y.; Huang, K. Preparation of selenium/zinc-enriched probiotics and their effect on blood selenium and zinc concentrations, antioxidant capacities, and intestinal microflora in canine. Biol. Trace Elem. Res. 2011, 141, 170–183. [Google Scholar] [CrossRef]

	



Riggio, O.; Merli, M.; Capocaccia, L.; Caschera, M.; Zullo, A.; Pinto, G.; Gaudio, E.; Franchitto, A.; Spagnoli, R.; D’aquilino, E.; et al. Zinc supplementation reduces blood ammonia and increases liver ornithine transcarbamylase activity in experimental cirrhosis. Hepatology 1992, 16, 785–789. [Google Scholar] [CrossRef]

	



Brewer, G.J.; Dick, R.D.; Schall, W.; Yuzbasiyan-Gurkan, V.; Mullaney, T.P.; Pace, C.; Lindgren, J.; Thomas, M.; Padgett, G. Use of zinc acetate to treat copper toxicosis in dogs. J. Am. Vet. Med. Assoc. 1992, 201, 564–568. [Google Scholar] [PubMed]

	



Li, J.; Chen, H.; Wang, B.; Cai, C.; Yang, X.; Chai, Z.; Feng, W. ZnO nanoparticles act as supportive therapy in DSS-induced ulcerative colitis in mice by maintaining gut homeostasis and activating Nrf2 signaling. Sci. Rep. 2017, 7, 43126. [Google Scholar] [CrossRef] [PubMed]

	



Filburn, C.; Kettenacker, R.; Griffin, D. Safety and Bioavailability in Beagles of Zinc and Vitamin E Combined with Silybin and Phosphatidylcholine. Int. J. Appl. Res. Vet. Med. 2006, 4, 326–334. [Google Scholar]

	



Pereira, A.M.; Maia, M.R.G.; Fonseca, A.J.M.; Cabrita, A.R.J. Zinc in Dog Nutrition, Health and Disease: A Review. Animals 2021, 11, 978. [Google Scholar] [CrossRef] [PubMed]

	



Nutritional Guidelines—FEDIAF. Available online: https://fediaf.org/self-regulation/nutrition.html (accessed on 15 December 2021).

	



Stoffaneller, R.; Morse, N.L. A review of dietary selenium intake and selenium status in Europe and the Middle East. Nutrients 2015, 7, 1494–1537. [Google Scholar] [CrossRef]

	



Vaghari-Tabari, M.; Moein, S.; Qujeq, D.; Kashifard, M.; Hajian-Tilaki, K. Positive Correlation of Fecal Calprotectin With Serum Antioxidant Enzymes in Patients With Inflammatory Bowel Disease: Accidental Numerical Correlation or a New Finding? Am. J. Med. Sci. 2018, 355, 449–455. [Google Scholar] [CrossRef]

	



Nunes, C.; Teixeira, N.; Serra, D.; Freitas, V.; Almeida, L.; Laranjinha, J. Red wine polyphenol extract efficiently protects intestinal epithelial cells from inflammation via opposite modulation of JAK/STAT and Nrf2 pathways. Toxicol. Res. 2015, 5, 53–65. [Google Scholar] [CrossRef]

	



El-Demerdash, F.M.; Nasr, H.M. Antioxidant effect of selenium on lipid peroxidation, hyperlipidemia and biochemical parameters in rats exposed to diazinon. J. Trace Elem. Med. Biol. 2014, 28, 89–93. [Google Scholar] [CrossRef]

	



Bitiren, M.; Karakilcik, A.Z.; Zerin, M.; Ozardalı, I.; Selek, S.; Nazlıgül, Y.; Ozgonul, A.; Musa, D.; Uzunkoy, A. Protective effects of selenium and vitamin E combination on experimental colitis in blood plasma and colon of rats. Biol. Trace Elem. Res. 2010, 136, 87–95. [Google Scholar] [CrossRef]

	



Hadrup, N.; Ravn-Haren, G. Acute human toxicity and mortality after selenium ingestion: A review. J. Trace Elem. Med. Biol. 2020, 58, 126435. [Google Scholar] [CrossRef]

	



Griffiths, J.C.; Matulka, R.A.; Power, R. Acute and subchronic toxicity studies on Sel-Plex, a standardized, registered high-selenium yeast. Int. J. Toxicol. 2006, 25, 465–476. [Google Scholar] [CrossRef] [PubMed]

	



Forrer, R.; Gautschi, K.; Lutz, H. Comparative determination of selenium in the serum of various animal species and humans by means of electrothermal atomic absorption spectrometry. J. Trace Elem. Electrolytes Health Dis. 1991, 5, 101–113. [Google Scholar] [PubMed]

	



Trivedi, P.P.; Jena, G.B. Mechanistic insight into beta-carotene-mediated protection against ulcerative colitis-associated local and systemic damage in mice. Eur. J. Nutr. 2015, 54, 639–652. [Google Scholar] [CrossRef] [PubMed]

	



Carazo, A.; Macáková, K.; Matoušová, K.; Krčmová, L.K.; Protti, M.; Mladěnka, P. Vitamin A Update: Forms, Sources, Kinetics, Detection, Function, Deficiency, Therapeutic Use and Toxicity. Nutrients 2021, 13, 1703. [Google Scholar] [CrossRef]

	



Morris, P.J.; Salt, C.; Raila, J.; Brenten, T.; Kohn, B.; Schweigert, F.J.; Zentek, J. Safety evaluation of vitamin A in growing dogs. Br. J. Nutr. 2012, 108, 18. [Google Scholar] [CrossRef]

	



Green, A.S.; Fascetti, A.J. Meeting the Vitamin A Requirement: The Efficacy and Importance of β-Carotene in Animal Species. Sci. World J. 2016, 2016, 7393620. [Google Scholar] [CrossRef]

	



Mirbagheri, S.A.; Nezami, B.G.; Assa, S.; Hajimahmoodi, M. Rectal administration of d-alpha tocopherol for active ulcerative colitis: A preliminary report. World J. Gastroenterol. 2008, 14, 5990–5995. [Google Scholar] [CrossRef]

	



Jewell, D.E.; Toll, P.W.; Wedekind, K.J.; Zicker, S.C. Effect of increasing dietary antioxidants on concentrations of vitamin E and total alkenals in serum of dogs and cats. Vet. Ther. 2000, 1, 264–272. [Google Scholar]

	



Kondo, K.; Hiramoto, K.; Yamate, Y.; Goto, K.; Sekijima, H.; Ooi, K. Ameliorative Effect of High-Dose Vitamin C Administration on Dextran Sulfate Sodium-Induced Colitis Mouse Model. Biol. Pharm. Bull. 2019, 42, 954–959. [Google Scholar] [CrossRef]

	



Ratajczak, A.E.; Szymczak-Tomczak, A.; Skrzypczak-Zielińska, M.; Rychter, A.M.; Zawada, A.; Dobrowolska, A.; Krela-Kaźmierczak, I. Vitamin C Deficiency and the Risk of Osteoporosis in Patients with an Inflammatory Bowel Disease. Nutrients 2020, 12, 2263. [Google Scholar] [CrossRef]

	



Packialakshmi, B.; Stewart, I.J.; Burmeister, D.M.; Chung, K.K.; Zhou, X. Large animal models for translational research in acute kidney injury. Ren. Fail. 2020, 42, 1042–1058. [Google Scholar] [CrossRef] [PubMed]








[image: Animals 12 00812 g001 550] 





Figure 1. Stepwise approach to chronic intestinal disorders in humans and pets. UC = ulcerative colitis. 
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