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Abstract

:

Vitamin D (VD) is a pro-hormone that has long been known as a key regulator of calcium homeostasis and bone health in both children and adults. In recent years, studies have shown that VD may exert many extra-skeletal functions, mainly through a relevant modulation of the innate and adaptive immune system. This has suggested that VD could play a fundamental role in conditioning development, clinical course, and treatment of several autoimmune disorders, including celiac disease (CD) and inflammatory bowel diseases (IBDs). The main aim of this review is to evaluate the relationships between VD, CD, and IBDs. Literature analysis showed a potential impact of VD on CD and IBDs can be reasonably assumed based on the well-documented in vitro and in vivo VD activities on the gastrointestinal tract and the immune system. The evidence that VD can preserve intestinal mucosa from chemical and immunological damage and that VD modulation of the immune system functions can contrast the mechanisms that lead to the intestinal modifications characteristic of gastrointestinal autoimmune diseases has suggested that VD could play a role in controlling both the development and the course of CD and IBDs. Administration of VD in already diagnosed CD and IBD cases has not always significantly modified disease course. However, despite these relevant problems, most of the experts recommend monitoring of VD levels in patients with CD and IBDs and administration of supplements in patients with hypovitaminosis.
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1. Introduction


Vitamin D (VD) is a pro-hormone that has long been known as a key regulator of calcium homeostasis and bone health in both children and adults [1]. In recent years, studies have shown that VD may exerts many extra-skeletal functions, mainly through a relevant modulation of the innate and adaptive immune system [2]. This has suggested that VD could play a fundamental role in conditioning development, clinical course, and treatment of several autoimmune disorders, including celiac disease (CD) and inflammatory bowel diseases (IBDs) [3,4,5]. The evidence that VD could directly protect the intestinal wall, modulating the expression of tight junctions (TJ) and controlling antimicrobial peptide synthesis has further highlighted the importance of VD in the onset and control of gastrointestinal immune disorders [6]. However, mainly due to this very fast-growing scientific area, several aspects of the relationships between VD, CD, and IBDs remain surrounded by uncertainties, without a final agreement having been reached. This, at least in part, depends on the incomplete knowledge of some aspects of VD availability and requirement, definition and evaluation of VD deficiency, and direct and indirect effect of VD on the whole body [7]. Consequently, monitoring of serum VD values in CD and IBSs remains debated as is the need of VD in patients with these diseases. Discussion on the present knowledge on these topics is the main aim of this review.



An in-depth research and review of the medical literature was performed. The MEDLINE–PubMed database was searched from 2014 to 2022 to collect the literature. The search included randomized placebo-controlled trials, controlled clinical trials, double-blind, randomized controlled studies, and systematic reviews of the last five years. The following combinations of keywords were used: “vitamin D” AND “inflammation” AND/OR “inflammatory bowel diseases” AND/OR “IBD” AND/OR “celiac disease” AND “children” OR “paediatric” OR “pediatric” OR “adolescent”. We also performed a manual search of the reference lists of the obtained studies. The search was limited to English-language journals and full papers only.




2. Sources, Synthesis, and Serum Vitamin D Levels


Two major forms of VD exist: VD2 (ergocalciferol) and VD3 (cholecalciferol). VD2 is contained in some foods, mainly the flesh of fatty fish and yeast, sun dried and ultraviolet irradiated mushrooms, and plants [8]. The dietary intake of VD2 is generally too low to assure the minimum VD requirement coverage. As a consequence, several commercial foods, especially those for infants and young children, are fortified with VD. However, independently from diet, people get most of the VD from VD3 that is produced in the skin from 7-dehydrocholesterol, an intermediate in cholesterol synthesis, after exposure to ultraviolet B (UVB) light of the sun [9]. The dose response for dermal photosynthesis of VD increases linearly at small UV doses but reaches a plateau well below the threshold dose for erythema. This means that short but frequent exposures to the sun induce a greater dermal synthesis of VD than after single exposures of the same overall duration. However, together with type and duration of sun exposure, several other factors, such as age, skin color, sunscreen use, latitude, time of day, and season may influence skin VD synthesis [9,10]. As a result, recommendations regarding exposure to sunlight in order to maintain adequate VD concentration differ significantly between scientific societies [10,11].



Both VD forms enter the circulation mainly bound to the VD-binding protein (VDBP). Only about 15% of them are bound to albumin, and only about 0.03% are free. Bound VD2 and VD3 are transported to the liver, where they are transformed in the 25-hydroxy-vitamin D [25(OH)D] by CYP2R1 and other enzymes and later to the kidney, where a second hydroxylation through the VD-activating enzyme 1-α-hydroxylase (CYP27B1) takes place [12]. This leads to the synthesis of the active VD, the 1,25- dihydroxy-vitamin D [1,25(OH)2D], also known as calcitriol. In addition, several extra-renal cells harbor CYP27B1 and contribute to actively metabolize VD and convert 25(OH)D to 1,25(OH)2D at the local tissue level, playing a fundamental role in the global activity of VD [13]. In the cellular targets, the activated VD binds to the nuclear VD receptor (VDR) and forms a heterodimeric complex with the retinoic acid X receptor that recognizes specific DNA sequences known as VD responsive elements (VDRE), leading to the regulation of the transcription of over 1000 target genes [14]. VDR is widely expressed in various tissues (i.e., skin, parathyroid gland, adipocyte, small intestines, and colon) and throughout the immune system [15], and its expression regulates final VD activity [16].



Despite calcitriol being the active VD form, serum concentration of 25(OH)D is currently the main indicator of VD status. This is because 1,25(OH)2D circulates in very small amounts; serum levels are tightly regulated by the parathyroid hormone, calcium, and phosphate, and the half-life is very short as it is measured in hours [17]. Moreover, levels of 1,25(OH)2D do not decrease until VD deficiency is severe. In contrast, 25(OH)D can be detected in significantly greater amounts, has a circulating half-life of 15 days, and its concentrations are less dependent on mineral content and parathyroid hormone activity [18]. However, assessing VD status by measuring total serum 25(OH)D concentrations is complicated by the considerable variability of the available assays (i.e., immunoassays, HPLC, and mass spectrometry) used to evaluate this compound [17,18]. Further limitations can derive from the evidence that measuring total 25(OH)D levels may be misleading in conditions that alter VDBP concentrations, such as liver diseases, or modify its binding to 25(OH)D, such as in patients with mutations in the VDBP gene [19]. Finally, as methods also measure inactive VD metabolites, such as 24,25-dihydroxyvitamin D and the 3-epimer of 25(OH)D, dosages may overestimate total 25(OH)D concentrations [20]. All these factors preclude the ability to pool research data from different studies and to allow evidence-based definitions of VD status. This explains why, despite several attempts to standardize laboratory assays and correlate clinical manifestation with 25(OH)D serum concentrations having been made [21,22], it is still controversial what level of 25(OH)D is optimal for overall health benefits, how much VD is needed to maintain health and whether there are differences for the various potentially preventable diseases, how VD should be administered (i.e., daily or with bolus doses), and which are the toxic doses. Different definitions of deficiency, inadequacy, and toxicity of VD intake, together with different recommended dietary allowances, have been suggested by the various scientific societies. The Food and Nutrition Board (FNB) at the National Academies of Sciences, Engineering, and Medicine (NASEM) of the USA has stated that for adults VD deficiency and inadequacy occur when serum 25(OH)D concentrations are <2 ng/mL and between 12 and 20 ng/mL, respectively [23]. Concentrations ≥20 ng/mL were considered adequate for maintaining health although those >50 ng/mL could be associated with the development of adverse events. In contrast, the Endocrine Society of the USA stated that for clinical practice a serum 25(OH)D concentration >30 ng/mL was necessary to maximize the effect of VD bone and muscle metabolism [24]. Despite adequate studies establishing an intake–response association between VD and the physiological outcome not being available, NASEM has suggested that the Recommended Dietary Allowance (RDA) for VD could be 600 IU per day for people older than 1 year and 400 IU for children <1 year. The same recommendations were published by the European Food Safety Authority (EFSA), considering that this intake could be high enough to reach serum 25(OH)D concentrations of at least 20 ng/mL [25]. Particularly for children, for whom an adequate VD intake is essential for bone growth and development, these recommendations have been reanalyzed several times. Evidence was considered insufficient for setting established definitive recommendations for children in the first half-year of life, but it was noted that 400 IU per day were considered adequate for the majority of infants at this age [26,27]. Moreover, a review of the study that has measured the effect of daily VD supplementation on 25(OH)D serum levels revealed that each 100/IU per day increase in VD supplementation was associated with an average of 0.8 ng/mL increase in 25(OH)D concentration [28]. Moreover, it was calculated that the tolerable upper VD intake levels were 1000 IU, 1500 IU, and 2500 IU per day for children 0–6 months, 7–12 months, and 1–4 years of age, respectively [28]. For adults, values vary according to subject characteristics: in healthy people, tolerable upper intake VD level is 4000 IU per day; in people at-risk, it increases to 10000 IU per day [23,24].




3. Vitamin D Role in Preserving the Integrity of the Intestinal Epithelial Barrier


Compromise or disruption of the intestinal barrier function causes increased intestinal permeability that results in exposure of the host to luminal antigens and bacteria, leading to a break of tolerance and onset of inflammation [29]. It is suggested that VD can assure intestinal mucosa integrity through mechanisms such as regulation of colonic mucus [30] and preservation of intestinal wall structure [31]. However, most of the studies in this regard seem to indicate that the role of VD is mainly played by its influence on gut microbiota composition and functions [32] and its ability to upregulate the TJ protein expression and to significantly suppress the release of zonulin, a family of molecules that are responsible for the structural disassembly of TJ and the increase in intestinal permeability [33]. Table 1 summarizes the VD mechanisms in preserving the integrity of the intestinal epithelial barrier.



Gut microbiota composition is critical to maintain normal intestinal functions. In most gastrointestinal diseases, including CD and IBDs, gut dysbiosis is common, with a significant increase in the concentrations of pathogenic bacteria (Enterobacteriaceae and Fusobacterium) and reduction in the presence of those with documented beneficial activity (Bifidobacteria, Faecalibacterium prausnitzii, and Lactobacilli strains) [34,35]. This is associated with a potential block of the immune responses potentiated by VD, including VDR expressions and related immune functions of activated VD [32]



TJs are made by several proteins, including claudins, occludin, junctional adhesion molecules, and zonula occludens (ZO) proteins. Their main functions are to prevent leakage of solutes and water sealing the space between adjacent epithelial cells, preventing increased permeability of the intestinal mucosa. Several in vitro and in vivo studies have shown that VD protects TJs from the damage due to chemical exposure such as those due to dextran sulfate sodium and alcohol exposure [36,37]. Moreover, it reduced the TNF-α induced injury [38]. Finally, a number of studies have shown that VD/VDR upregulates TJ expression in human epithelium cells and that in experimental animals VDR deletion in intestinal epithelial cells is associated with a significant decrease of some TJ expression [39,40,41].




4. Immunomodulating Activity of Vitamin D


Cells of the immune systems, such as macrophages, dendritic cells, monocytes, and T and B cells, harbor CYP27B1 and express VDR. Direct production of 1,25(OH)2D by these cells results in a significant modulation of both innate and adaptive immunity. Regarding innate immunity, it has been reported that activated VD stimulates the production by neutrophils, macrophages, and cells lining epithelial surfaces of antibacterial peptides with broad antimicrobial activity, such as cathelicidin (CAMP) and β-defensin 2 (DEFB4) [42,43,44]. Interestingly, this kind of VD-associated increase in innate immunity is strictly dependent on toll-like receptor 2/1 (TLR2/1) heterodimers activity and become maximal in case of need. When TLR2/1 recognizes cell membranes of certain microbes, it stimulates expression of VDR, significantly increasing the antimicrobial effect against pathogens [45]. Moreover, VD induces the intracellular pathogen recognition receptor NOD2 that increases cell sensitivity to NOD2 ligan produced by certain bacteria. This enhances transcription of CAMP and DEFB4 with a further increase in antimicrobial activity. Finally, VD suppresses hepcidin anti-microbial peptide expression, reducing ferroportin-mediated export of intracellular iron and limiting proliferation of pathogens that utilize iron for growth [46]. Figure 1 shows the effects of VD on cells of the innate immunity.



Regarding antigen presenting cells and adaptive immunity, VD acts on dendritic cells (DC), regulating their differentiation and maturation and favoring the development of a tolerogenic phenotype. Exposure of monocytes to 1,25(OH)2D increases the expression of molecules involved in antigen capture and inhibits DC differentiation and maturation with reduced stimulatory capacity for the antigen-specific CD8 T cells. Peripheral pro-inflammatory Th1 response is reduced. Moreover, VD increases T regulatory cells, limits the number of CD4+ T cells, upregulates IL-10, and reduces tumor necrosis factor-α (TNF-α) and interferon γ (IFN-γ) levels. Practically, VD shifts the immune response from a pro-inflammatory Th1 response to an anti-inflammatory Th2 response, increasing the secretion of IL-4 while decreasing the secretion of interleukin (IL)-2 and IFN-γ [47].



Table 2 summarizes immunomodulating activity of VD on immune systems.




5. Vitamin D and Celiac Disease


5.1. Epidemiology and Developmental Factors


CD is a chronic, systemic autoimmune disease triggered by the exposure to dietary gluten proteins in genetically predisposed individuals, mainly those positive for human leucocyte antigen HLA DQ2 or DQ8 [48]. The evidence that in genetically predisposed subjects the chronic exposure to dietary gluten is invariably accompanied by the production of autoantibodies against transglutaminase 2 (TG2), an enzyme that plays a critical role for gluten induced pathogenesis in CD, is the best evidence of the autoimmune origin of this disease [49].



For years, CD has been considered only a gastrointestinal disease. It was thought that the severe intestinal mucosa alterations (i.e., increase in intraepithelial lymphocytes, crypt hyperplasia, various degrees of villi atrophy, and polymorphic inflammatory infiltrate of the lamina propria) due to the autoimmune process were only associated with chronic diarrhea, malabsorption, and failure to thrive [50,51]. Starting from the 1980s, it was evidenced that in several patients in whom CD could be diagnosed on the base of serology, genetic testing, and duodenal biopsy findings, gastrointestinal manifestations could be lacking or have poor relevance. On the contrary, a number of extraintestinal signs of disease, such as short stature, delayed puberty, recurrent iron deficiency anemia, dental enamel hypoplasia, osteoporosis, liver damage, and neurological problems alone or in association, represented the main elements of the clinical picture of the disease [52]. Presently, about 50% of diagnosed CD do not have classical manifestations and present with a predominance of extra-intestinal symptoms [53]. Moreover, in some patients, signs and symptoms of other autoimmune diseases, including type 1 diabetes, autoimmune thyroiditis, and autoimmune hepatitis, likely due in part to shared genetic factors, are described [54].



Whereas classic CD remains strictly dependent on the direct effect of the autoimmune damage of the intestinal mucosa, the reasons why signs of non-typical cases develop are not precisely defined. It has been supposed that in some patients, such as for example, those with anemia, stunted growth, and osteopenia, manifestations are likely caused by nutrient malabsorption secondary to intestinal mucosa damage [55]. Other conditions, despite evidence being lacking, are supposed to be due to autoimmunity. On the other hand, TG2 is present in almost all cell types and participates in various biological reactions. Consequently, autoantibodies against TG2, systematically detected in all CD patients, have the potential to negatively affect the activity of the enzyme and its biological effects in tissues outside of the gastrointestinal tract [56].



CD is a relatively common disease, and several epidemiological studies indicate that its incidence is increasing worldwide. Previous evaluations have shown a global incidence of about 1.4%, although with slight differences between continents [57]. On the contrary, recent reports have shown that incidence can be even higher than double previously calculated [58,59], with rates increasing by 8.1% per year from 1950 through 2010 [60]. These findings were initially considered an overestimation due to the greater attention paid to CD by physicians and the large use of serology, a method with relatively poor sensitivity, as the only diagnostic test for CD identification [61]. However, the evidence that the increase could be demonstrated even when the combination of serologic test results and duodenal biopsy findings were used for CD diagnosis confirmed that CD rates were really increasing and suggested that other environmental factors other than gluten exposure could favor CD development. Results of recent studies clearly indicate the possible roles of microbiota, time of gluten introduction, delivery method, history of breastfeeding, acute viral gastrointestinal infections, and micronutrient deficiency in the development of CD [62,63].




5.2. Relationships between Vitamin D and Celiac Disease Development


Among micronutrients, a role has been ascribed to VD due to its importance in the regulation of both innate and adaptive immune system activity [64]. The evidence that in some conditions, potentially associated VD hypovitaminosis, the risk of CD development is greater has strongly supported this hypothesis. Several studies have found that among people living in northern geographic areas where exposure to sunlight or UVB radiation is lower as is the skin synthesis of VD, CD is more common [65]. Moreover, children born during summer months who receive gluten for the first-time during the winter and are consequently at greater risk of VD deficiency when autoimmunity may develop suffer more frequently from CD than those born during cold months [66]. Finally, in CD patients VD deficiency caused by malabsorption can be the most important cause of some clinical manifestations of the disease, such as reduced bone mineral density, reduced bone mass, and increased bone fragility [67].



VD may interfere with CD development and course through several mechanisms that limit or prevent the intestinal damage due to gluten protein exposure. VD protects the intestinal wall and contrasts the immune response [64]. In CD patients, barrier function as well as TJ are significantly altered [68] as gliadin peptides have a dissociative effect on TJ proteins, namely actin and ZO-1, which leads to increased gut permeability and entrance of gliadin peptides to the lamina propria [69]. VD can also correct the immune alterations that are characteristic of CD. In CD patients, adaptive immunity is altered as after passage of the permeable intestinal mucosa gluten peptides are deamidated by tissue transglutaminase and bind to human leucocyte antigens (HLA-DQ2 and HLA-DQ8) on antigen-presenting cells. CD4+ T-cells are activated, and an inflammatory response occurs due to the secretions of Th1 cytokines that lead to the classic mucosal lesions [70,71,72,73]. As previously reported, VD can significantly influence these immune alterations, reducing T cell stimulatory capacity and reverting Th1 response to a more tolerogenic response [70,71,72,73].



Starting from these considerations, it was presumed that in CD patients with newly onset disease, VD deficiency could be detected, and this could confirm the role of VD in CD pathogenesis. At the same time, the evidence that VD deficiency was common in patients with established CD and VD administration could lead to a more favorable disease course could confirm a role of VD in conditioning CD evolution [67,68,69,70].




5.3. Impact of Vitamin D Supplementation on Celiac Disease Course


Unexpectedly, results of clinical studies did not always confirm these hypotheses. Regarding serum VD levels in CD patients, results were controversial. A study carried out by Villanueva et al. did not report any difference in VD concentrations between children with CD and children without [74]. Similar results were reported by Lerner et al., who compared the VD status of CD children with that of children with no specific abdominal pain, their parents, and CD adults [75]. Interestingly, whereas children with and without CD had normal serum VD levels, low serum VD concentrations were detected in adult subjects. The strict age dependency of VD deficiency in CD patients was further suggested by a recent critical review of 27 papers and 28 sets of data concerning 1137 CD patients and 2613 controls [76]. It was shown that considering together all the CD patients regardless of age, these had a significant lower serum 25(OH)D concentrations than controls (21.7 ng/mL vs. 25.24 ng/mL) [76]. However, when age subgroups were considered, it was evidenced that the difference between CD and healthy subjects could be totally ascribed to values found in adult patients as analysis of pediatric data revealed that concentrations detected in these patients were quite like those evidenced in healthy controls (weighted mean difference -0.51, 95% confidence interval [CI] –2.46 to 1.72 nmol/L). Different VD levels in children compared to adults were explained by the common use in this group of subjects of VD fortified foods, the common VD administration in the first years of life to prevent rickets, and the greater exposure to sun. Different results were reported by other studies. Lionetti et al. enrolled 131 children with newly diagnosed CD and a similar number of healthy subjects and found that plasma 25(OH)D levels were significantly lower in patients than in controls (25.3 ± 8.0 and 31.6 ± 13.7 ng/mL; p < 0.0001) [77]. This difference was maintained when subgroups of only deficient cases (VD <20 ng/mL) were evaluated (31% among patients vs. 12% in controls; p < 0.0001) and when analysis was restricted to blood samples collected during summer (p < 0.01) and autumn (p < 0.0001). Similar findings were collected in another study in which comparison of 25(OH)D concentrations between 60 children aged 0–18 years diagnosed with CD and 60 healthy age- and sex-matched controls revealed that the prevalence of levels <20 ng/mL was significantly greater in the cases (63.3%) than in the controls (45.0%) [78]. Differences in criteria used to define deficiency, methods of VD dosage, small sample size of enrolled subjects, lack of a control group, retrospective methods of recording, and possible poor consideration of the possible cofactors influencing VD concentrations, such as month of blood testing, ethnicity, or type of diet received by patients, may explain the different results.



No definitive conclusion can also be drawn regarding VD supplementation in CD patients. The current available treatment for CD is a lifelong gluten-free diet (GFD). This leads to significant clinical improvement within a few weeks and to mucosal recovery and healing after a longer time, up to 2 years [79,80]. Progressive normalization of mucosal structure and function during GFD is per se associated with a spontaneous increase in VD serum concentration in CD patients. However, the diet-related increase may not be sufficient to normalize VD serum levels. Verma et al., studying a group of children with newly onset CD, reported that in those with VD insufficiency (serum concentration 12–20 ng/mL) 6 months of GFD were associated with a significant increase of VD serum levels (from baseline 14.8 ± 5.39 ng/mL to 18.22 ± 5.67), but in several of them, VD levels remained in the abnormal range [81]. This seems to confirm the importance of adequate VD level monitoring in patients with CD, both at onset and during GFD. However, the optimal amount of VD supplementation to reach normal VD levels in CD patients is not established. Administration of patients with VD deficiency (<12 ng/mL) who, together with the GFD, were given 60,000 IU of VD per week during the first 3 months of treatment showed a significant increase in VD serum levels (from 9.45 ± 0.45 ng/mL to 13.53 ± 1.52 ng/mL), but no case reached normal VD values [81]. However, regardless of VD levels at onset or during GFD, most of the experts recommended that VD serum level monitoring be systematically performed in all subjects with CD, regardless of age, and VD deficiency, when documented, be corrected using the suggested dosage. The need for monitoring and VD administration to deficient CD patients has been confirmed by several scientific societies and institutions of different Western countries, such as the American College of Gastroenterology [82], the British Society of Gastroenterology [77,83], the North American Society for Pediatric Gastroenterology, Hepatology and Nutrition [78,84], and a group of Italian pediatric scientific societies [85].





6. Vitamin D and Inflammatory Bowel Disease


6.1. Epidemiology and Developmental Factors


Inflammatory bowel diseases (IBDs), including Crohn’s disease (CrD) and ulcerative colitis (UC), are a group of immune-mediated chronic conditions that are presumed to occur in genetically susceptible subjects due to a dysregulated intestinal immune response to one or more environmental factors [86]. It has been calculated that the incidence of IBD is approximately 0.1–16 cases per 100,000 person-years for CrD and 0.5–24.5 cases per 100,000 person-years for UC. Overall, the prevalence for IBD is 396 cases per 100,000 persons annually, with the highest rates of IBDs in developed countries, the lowest in developing regions and a time-trend significantly increasing over time [87].



Development of IBDs presupposes the coexistence of three different factors: genetic predisposition, dysregulated immune response, and one or more external factors triggering the immune response [88]. Although recently great importance has been ascribed to gut dysbiosis [89], the triggering factor that activates the abnormal immune response has yet to be identified. On the contrary, characteristics of genetic predisposition have been more precisely identified. In IBD patients, genetic variants in a total of 201 loci associated with the regulation of the intestinal barrier permeability and several functions of both the innate and the adaptive immunity have been identified [90,91]. These variants can impair all these functions and lead to a series of abnormal immune system responses, such as those found in IBD patients. CrD can be considered a prototype of T-helper (Th) 1-mediated diseases with increased levels of tumor necrosis factor-alpha (TNF-a), interferon gamma (IFN)-γ), and IL-12 and IL-1 in both the intestinal tissue and peripheral blood [70,71,72,73]. UC is usually viewed as a Th2-type condition because of the increased intestinal expression of excessive Th2 response, with upregulated secretion of IL-5, IL-4, IL-10, and IL-13 [92]. In both diseases, overexpression of pro-inflammatory cytokines was found to be associated with the initiation and progression of IBDs [93].




6.2. Relationships between Vitamin D and Inflammatory Bowel Disease Development


As previously reported, VD preserves the integrity of intestinal mucosa, maintains normal intestinal mucosa permeability, and modifies T cell cytokine responses from an inflammatory Th1 and Th17 phenotype towards a Th2 and a regulatory T cell phenotype [7]. This suggests that VD deficit may significantly influence IBD development and course, although it is not definitively clarified whether deficiency is the cause of IBDs or malabsorption following IBD development is associated with VD deficiency, and this influences IBD course [94]. VD deficiency can be detected in about 45–50% of UC patients, whereas it ranges from 35–100% in the case of CrD, and several studies have shown a potential relationship between VD serum levels and disease activity in IBDs [95]. Ham et al. studied this problem in 711 CrD patients and 764 UC patients [90]. A clinical disease activity score (CDAI) within 1 month of 25(OH)D measurement was analyzed in CrD patients, while the partial Mayo scores obtained on the day of 25(OH)D evaluation were used for UC patients. The study showed that VD deficiency was significantly associated with higher CDAI, partial Mayo scores, and C reactive protein (CRP) levels, confirming the role of VD in disease activity [96]. Furthermore, when the deficiency was severe, it was associated with severe manifestations of both CrD and UC, and it was an independent risk factor for intestinal surgery during the follow-up periods in both CrD and UC. Similar findings were reported by López-Muñoz et al., who found that serum 25(OH)D was inversely correlated with fecal calprotectin (FC) for CrD and UC, although correlated with CRP for UC patients [97]. The alteration of the laboratory indices was found to be greater, the more severe the symptoms were so that, considering together all of them, the authors could predict clinical characteristics of the patients and IBD severity with 80% accuracy. Finally, deficiency of 25(OH)D was associated with increased hospitalization, flare-ups, use of steroids, and escalating treatment [97]. These findings suggested that VD supplementation in IBD patients could be effective in reducing serum levels of inflammatory markers and in mitigating clinical manifestations of both CrD and UC.




6.3. Impact of Vitamin D Supplementation on Inflammatory Bowel Disease Course


Unfortunately, results of studies did not totally confirm these hypotheses. Administration of VD to CrD and UC patients generally resulted in a significant reduction of markers of inflammation, but the impact on clinical signs and symptoms of both diseases was generally poor or totally absent. Good examples in this regard are the studies by Sharifi et al. [98] and Bendix et al. [99]. Sharifi et al. reported that administration of a single intramuscular dose of 300 UI to mild-to-moderate UC patients was associated with a significant decrease of the inflammatory cytokines IL-12, IFN-γ, and TNF-a, without any reduction in IL-4 and IL-10 serum levels [92]. This confirmed the inhibitory effect of VD on Th1 immune responses and, through the reduction of TNF-a serum concentrations, seemed to suggest that VD could increase the chance of response to anti-TNF-a therapy used in severe IBD cases. Bendix et al. studied the impact of VD given orally (200,000 IU initially and a daily dose of 20,000 IU for 7 weeks) alone or with infliximab (5 mg/kg) in a group of 40 active CrD patients [93]. They found that the high dose VD supplementation, alone and combined with infliximab, decreased the IL-17A, IFNγ, and IL-10 expression. Particularly, the reduction in mucosal mRNA expression of IL-17 was considered a demonstration of a potential beneficial role of VD in CD patients, as IL-17 is considered a pivotal proinflammatory cytokine in the determination of inflammatory lesions of CrD [100].



However, the VD reduction in cytokine expression was not reflected in reduced disease activity scores, biopsy finding, and CRP or calprotectin values. Combined infliximab and VD treatment was not significantly superior to monotherapy with infliximab. On the other hand, the poor effect of VD supplementation in IBD patients is confirmed by some systematic reviews and meta-analysis of published studies. Li et al. analyzed 18 randomized clinical trials (RCTs) enrolling 908 patients and reported that VD could be effective in slightly reducing the disease relapse rate, whereas the laboratory tests were poorly influenced [101]. More detailed results were reported by Guo et al., who analyzed a total of 17 RCTs involving a total of 1127 patients with IBDs and showed that oral VD administration was safe, could be associated with a relevant reduction of CRP (standard mean difference [SMD] −0.33; 95% CI −0.61–−0.05), but had no effect on erythrocyte sedimentation rate levels (SMD 0.35; 95% CI −4.33–5.03), disease activity index (SMD −0.13; 95% CI −0.66–0.39), and relapse rate (RR 0.59; 95% CI 0.19–1.86) [102]. However, results of these meta-analyses cannot be considered definitive due to the differences among included studies in characteristics of the patients, the level of VD before supplementation, the amount and duration of VD supplementation, and the methods used to evaluate VD impact. Despite this, some experts suggest VD supplementation in IBD patients. Some information regarding the best dose of VD in IBD patients can be derived from the study by Goulart et al. [103]. Pooling the data collected with nine RCTs, they calculated that improvement of clinical score and patient quality of life were associated with 25(OH)D serum concentrations >20 ng/mL, and relapse could be avoided with 25(OH)D levels above 40 ng/mL. Oral daily doses from 1000 IU can raise VD levels above 20 ng/mL in UC or CrD patients with active disease, while doses close to 50,000 IU per week were sufficient to raise VD levels above 40 ng/mL. Even in this case, however, conclusions cannot be considered definitive due to the methodological limitations of many included studies, the use of very different VD supplementation (1000–300,000 IU), form of administration (oral liquid or capsules, or injectable) of VD and the duration of supplementation (1–12 months) [94] This could explain why scientific societies recommendations differ significantly regarding VD monitoring and supplementation in IBD patients. In the UK, there is no national recommendation, although oral VD supplementation is recommended when patients are treated with steroids. The European Crohn’s and Colitis Organization (ECCO) suggests VD to assure normal serum levels but does not stipulate what the normal range is. The American Gastroenterological Association (AGA) suggests vitamin D and calcium supplementation, particularly in patients at high risk of osteoporosis. Finally, the British Society of Gastroenterology, ECCO, and AGA guidelines regarding osteoporosis in IBD do not advocate routine measurement of serum vitamin D levels [103].





7. Conclusions


A potential impact of VD on CD and IBDs can be reasonably assumed based on the well-documented in vitro and in vivo VD activities on the gastrointestinal tract and the immune system. The evidence that VD can preserve intestinal mucosa from chemical and immunological damage and that VD modulation of the immune system functions can contrast the mechanisms that lead to the intestinal modifications characteristics of gastrointestinal autoimmune diseases has suggested that VD could play a role in controlling both development and course of CD and IBDs.



Unfortunately, in humans with these diseases, no definitive demonstration of these hypotheses has been reached. In many but not all the cases at diagnosis, low levels of VD have been demonstrated. Moreover, administration of VD in already diagnosed CD and IBD cases has not always significantly modified disease course. To make the evaluation of the clinical relevance of VD in autoimmune gastrointestinal diseases more difficult, several unsolved problems exist. The reference currently used to define VD serum concentrations remains debatable, mainly for the limitations of several methods used for 25(OH)D detection. Moreover, criteria used to define normal values of serum VD levels differ among experts, and this, together with several methodological limitations of the studies now performed to define the VD role, make collected data debatable. However, despite these relevant problems, most of the experts recommend monitoring of VD levels in patients with CD and IBDs and administration of supplements in patients with hypovitaminosis.
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Figure 1. How vitamin D interacts with cells of the innate immunity. 
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Table 1. Vitamin D mechanisms in preserving the integrity of intestinal epithelial barrier.
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	Mechanism [36,37,38,39].





	Regulation of colonic mucus



	Preservation of epithelial integrity



	Influence on gut microbiota composition and functions



	Concentration-dependent mechanism of upregulation of tight junction protein

expression



	Suppression of release of zonulin
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Table 2. Immunomodulating activity of vitamin D on immune systems.
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	Innate Immunity [42,43,44,45,46]





	Stimulation of the production by neutrophils, macrophages, and cells liningepithelial surfaces of CAMP and DEFB4



	Increase in the antimicrobial effect against pathogens



	Induction of the intracellular pathogen recognition receptor NOD2



	Enhancement in transcription of CAMP and DEFB4



	Suppression of hepcidin antimicrobial peptide expression



	Reduction in ferroportin-mediated export of intracellular iron



	Adaptive Immunity [47]



	Differentiation and maturation of DC



	Expression on monocytes of molecules involved in antigen capture



	Reduction in pro-inflammatory Th1 response



	Increase anti-inflammatory Th2 response



	Increase in T regulatory cells



	Limitation of the number of CD4+ T cells







CAMP, cathelicidin; DEFB4, β-defensin 2; DC, dendritic cells (DC).
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