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Abstract

:

Celiac disease is attributable to a combination of genetic predisposition and exposure to dietary gluten, with immune system involvement. The incidence is increasing globally, and the societal economic burden of celiac disease stretches beyond the cost of gluten-free food. This enteropathy that affects the small intestine has been related to different disorders and comorbidities. Thus, the implications of suffering from this disease are multidimensional and need further consideration. Celiac disease is a serious condition that remains under-recognized, resulting in an increased need for programs for better management. This review aims to summarize the current evidence regarding celiac diseases, with special emphasis on clinical implications, diagnosis, dietary management, socioeconomical aspects, and future perspectives.
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1. Introduction


1.1. Celiac Disease Overview


Those genetically predisposed to celiac disease (CD) suffer from a chronic immune-mediated enteropathy affecting the small intestine as a result of gluten consumption [1]. This condition is characterized by a permanent immune-mediated response to gluten, which is found in wheat, barley, rye, and their derivatives [2]. Furthermore, a considerable number of processed foods may contain gluten as an additive or thickener, even if the primary ingredients are not derived from these grains. In addition to this, cross-contamination with gluten represents an additional potential hazard, particularly in circumstances where different foodstuffs are handled simultaneously during the food processing stage [3].



In general terms, gluten is defined as the largely proteinaceous mass that remains after washing a dough made from wheat flour. Nevertheless, related proteins present in other cereals are known as gluten as well; the term used, “prolamins”, is more correct when referring to all these proteins [4]. Gluten is considered one of the most complex protein aggregates in nature, being formed by gliadins (important for dough viscosity) and glutenins (responsible for dough elasticity), which are the storage proteins of the grain. Namely, gliadins from wheat gluten comprise ω5-gliadins, ω1,2-gliadins, α-gliadins, and γ-gliadins, and glutenins consisting of low and high molecular weight glutenin subunits [5].



The clinical manifestations of gluten exposure in individuals with CD exhibit a broad spectrum of characteristics, which collectively serve to define this condition as a multisystem disorder rather than an isolated intestinal disease [6]. It is characterized by damage to the small intestine and the presence of specific antibodies, resulting in the malabsorption of nutrients and a variety of gastrointestinal symptoms, including chronic diarrhea, bloating, weight loss, fatigue, and iron deficiency anemia. Furthermore, it presents with extraintestinal symptoms, including dermatitis, osteoporosis, neuropathies, and reproductive disorders [7].



The primary treatment is a lifelong strict gluten-free diet (GFD), which has been demonstrated to result in the recovery of intestinal mucosa and the resolution of symptoms in the majority of patients. Nevertheless, it is imperative to conduct periodic medical follow-ups to ascertain the patient’s compliance with the dietary regimen and to identify potential complications, such as refractory CD or intestinal lymphoma [8].



The interest about CD has arisen over the years. The review of the Web of Science scientific database, conducted up to September 2024, revealed the existence of approximately 17,806 articles pertaining to the subject of CD. Over the past two decades, the number of articles published annually has increased from 300 in 2003 to over 700 in 2023. A geographical analysis of the data reveals that the USA is the leading country in terms of research output, accounting for 22.4% of the total. Subsequently, Italy and England account for 15.4% and 8.7% of the total, respectively. These findings are in accord with the trends identified by Dermir and Comba [9].




1.2. Prevalence and Epidemiology


The first documented case of CD is believed to have been described by the ancient Greek physician Aretaeus. However, it has not been until recent years when the incidence of gluten-related disorders has been reported to increase markedly, rendering them a significant public health concern [10].



In recent decades, CD has gone from being considered a rare disease to being one of the most common life-long disorders, with an estimated prevalence in the general population of 0.7–2.9%—this frequency being higher in females, patients with autoimmune disorders, and in relatives of CD-affected individuals [11]. Furthermore, projections indicate that not only is the prevalence of the disease on the rise, but so too is its incidence, with an estimated annual increase of 7.5% over past years [12]. However, there is still a need for studies in this respect in many countries, as it is of interest that the results of prevalence vary depending on the diagnostic criteria. As a result, CD prevalence has been estimated at 1.4% based on serologic test results, as well as 0.7% based on biopsy results [13].



The prevalence of the disease is higher in Europe, Oceania, and North America than in other regions (with disparities among data from distinct countries), which may be attributed to differences in diet and under-diagnosis. However, recent studies have demonstrated an increasing incidence in Asia, Africa, and Latin America. This may be attributed to alterations in dietary patterns and heightened awareness of the disease [12,13,14]. A case in point is the higher rates reported by countries such as Finland and Sweden in comparison to the rest [13].



Furthermore, there are significant ethnic and racial variations in the prevalence of celiac disease. For example, data from the National Health and Nutrition Examination Survey in the USA indicate that the prevalence of CD is lower in non-Hispanic Black and Hispanic populations than in white individuals [15]. Prevalence can also vary even within the same country. For instance, in India, despite a similar distribution of haplotypes between the northern and southern regions, the Punjab region exhibits a higher prevalence of the disease than the south [2].



On the other hand, certain pathologies may be related to an increased prevalence of this disease. For example, individuals with type 1 diabetes are at higher risk of suffering from another autoimmune disease, such as CD [16]. A comparable phenomenon has been observed in other diseases, such as non-alcoholic fatty liver disease or metabolic syndrome, which are frequently attributed to the adoption of a GFD [17]. In fact, causal relationships between CD and autoimmune diseases have been reported. Namely, the analysis of single nucleotide polymorphisms in the European population found significant associations with 13 autoimmune diseases (e.g., Graves’ disease, asthma, psoriasis, Crohn’s disease, type 1 diabetes, rheumatoid arthritis, etc.) [18].



Recent studies indicate that, in general, the increase in prevalence is due to three main factors: increased awareness of the disease, improved diagnostic and screening methods, and increased knowledge of a wide range of factors that influence disease expression. Such factors include alterations in dietary patterns, early gastrointestinal infections, and modifications in the gut microbiota [2]. Nevertheless, the prevalence remains uncertain due to the significant clinical variability associated with the disease. In a considerable number of cases, the disease remains undiagnosed in most countries, resulting in a high prevalence of undiagnosed or asymptomatic CD [11,19].




1.3. Celiac Disease in Specific Populations


CD is a condition that affects different population groups in diverse ways, exhibiting a wide range of clinical presentations that vary according to age, gender, and other physiological factors. For example, epidemiological studies have shown that women are diagnosed almost twice as frequently as men [12]. The observed increase may be attributed to hormonal or genetic variations or an elevated predisposition to pursue medical attention [20]. Furthermore, women with CD may also have an increased risk of experiencing reproductive complications, including infertility and recurrent miscarriages [21]. In contrast, male patients are frequently misdiagnosed due to their lower propensity to undergo a duodenal biopsy examination [2].



Although historically regarded as a pediatric disorder, CD can manifest at any age, with an increasing number of diagnoses being made in adults and the elderly [22,23]. These diagnoses do not necessarily indicate a late discovery; rather, they could be the result of a loss of gluten tolerance, which typically occurs in adulthood. Nevertheless, recent prospective cohort studies have demonstrated that the majority of patients develop CD before reaching the age of 10 years [2]. In children, CD typically presents with characteristic symptoms, including chronic diarrhea, bloating, and stunted growth. In adults, however, the disease is more challenging to diagnose due to the greater diversity of its clinical manifestations [24].



In pediatric populations, previous research has investigated the potential role of early gluten introduction and duration of breastfeeding as possible risk factors for the development of CD [25]. Generally, the disease is particularly critical in children due to its impact on growth and development. Consequently, there is a strong focus on early detection and management to prevent long-term complications [26]. The presentation of CD in older populations may be characterized by subtle or atypical symptoms, which can complicate the diagnostic process. The presence of comorbidities can further contribute to an under-diagnosis of CD in this population, leading to an increased risk of associated morbidity [27].



The prevalence of CD is higher in other vulnerable populations with disorders such as Down’s syndrome or Turner’s syndrome. Therefore, regular follow-up is necessary [16]. Furthermore, other populations with specific physiological conditions, such as pregnant women with undiagnosed or poorly controlled celiac disease, have been demonstrated to be at elevated risk of developing obstetric complications, including miscarriages and low birth weight. This highlights the necessity for the development of targeted screening strategies [28].





2. Understanding the Pathogenesis of Celiac Disease


CD is a serious and under-recognized condition, partly because the boundaries of this disease are not always clear, and a consensual diagnostic criterion of CD and related conditions does not exist [1]. One of the highly reliable parameters for the diagnosis of CD is specific serology, with discrepancies between experts regarding the need of intestinal biopsies to confirm that diagnosis. Overall, there is a trend to avoid biopsies in children when levels of anti-tissue transglutaminase IgA antibody (anti-tTG-IgA) exceed >10 times the upper limit. However, this approach has not been formally implemented in all countries [29].



The ingestion of cereals containing gluten is generally associated with CD, but there are other pathological conditions caused by this cereal consumption, such as gluten sensitivity or wheat allergy. In summary, the main gluten reactions can be classified in the following categories: autoimmune (CD, gluten ataxia, and dermatitis herpetiformis), allergic (wheat allergy), and other possibly immune-mediated reactions (gluten sensitivity) [30]. Moreover, evidence and knowledge has grown in recent years, showing more disturbances related to gluten than classically recognized, using the term “gluten-related disorders” to encompass the wide variety of conditions [31].



Gluten sensitivity is referred to as “reactions to gluten with no implication of neither autoimmune nor allergic mechanisms”, while both CD and wheat allergy are mediated by T cells in the gastrointestinal tract [30]. Regarding wheat allergy and intolerances, the allergenic reactions are classified as (I) immunoglobulin (Ig)E-mediated responses, where IgE binds to allergens resulting in the release of immune and inflammatory mediators, and (II) non-IgE-mediated responses, which are associated with the formation of immune complexes between antibodies and food components. In these disorders, different protein components may be involved (e.g., prolamins, gliadins, glucoproteins, profilins, etc.) [32]. For its part, CD originally was thought to be a hypersensitivity disorder; however, currently it is known to be a tissue-specific autoimmune disease. CD shows similarities with other autoimmune diseases such as type 1 diabetes, being characterized by typical autoimmune features (i.e., human leukocyte antigen (HLA) association, specific autoantibodies, and immune-mediated destruction of enterocytes [33].



CD is a complex inflammatory disorder with a multifactorial etiology. It is known that there exists an important genetic background influencing its development. Different genes appear to contribute to CD occurrence, the most important being the HLA gene. Most individuals with CD show specific HLA-DQ allotypes, related to, namely, HLA-DQ2 and HLA-DQ8 haplotypes [34]. Although these factors are not sufficient to cause CD, DQ2 and DQ8 are of importance since they act as restriction elements for gluten-specific CD4+ T lymphocytes [35]. Another important factor in CD patients is the presence of specific IgA and IgG antibodies whose target is the autoantigen tissue transglutaminase 2 (TG2) [34,35]. Although there are intraepithelial lymphocytes residing in the gut epithelial cells in all individuals, the presence of gluten-specific CD4+ T cells is a common finding in patients with CD [34]. In summary, one of the main mechanisms implied in the pathogenesis of CD includes the HLA-DQ allotype variants which condition the antigen presentation to CD4+ T cells, leading to T cell reactivity against gluten peptides [33].




3. Clinical Manifestations and Consequences


3.1. Gastrointestinal Manifestations


The gastrointestinal manifestations of CD are numerous, being much more evident in children than in adults [36]. The most common manifestations include weight loss, chronic diarrhea, and abdominal pain [37]. The inflammation and duodenal dysfunction that occur during active CD have different adverse effects on the stomach [38]. In addition, stomach dysfunction occurs in the case of untreated CD, causing belching, indigestion, fullness, nausea, and even vomiting [39]. Gastritis and peptic ulcers are also common in patients with CD, both in children and adults. Similarly, chronic vomiting and nausea are usual during untreated CD, but on a GFD, they may disappear. However, in the case of gastritis and peptic ulcers, the pathogenesis is not entirely clear and more research should be conducted [39].



The intestine is the main organ responsible for the absorption of nutrients, water, and electrolytes. CD causes a reduction in the area of intestinal absorption [40]. The most common disorder of CD is chronic diarrhea, which takes the form of watery, loose stools that occur frequently. This is due to the inability to digest certain nutrients at the intestinal level, causing the colon to produce more water instead of absorbing it, leading to diarrhea [39,41].



In addition to intestinal and gastric symptoms, esophageal manifestations, such as gastro-esophageal reflux disease and eosinophilic esophagitis, have been observed [42]. Also at the pancreatic level, some research has indicated an association between exocrine pancreatic insufficiency and CD [43]. Additionally, around 10% of CD patients are diagnosed with a variety of hepatic and biliary disorders, including hepatitis B and C, autoimmune hepatitis, non-alcoholic fatty liver disease, liver cirrhosis or fibrosis, sclerosing cholangitis, and biliary cholangitis [44,45].




3.2. Nutrient Deficiencies


Currently, there is no specific tool to assess undernutrition in CD. Despite the fact that CD activity and adherence to the GFD are important factors influencing malnutrition [46], the available tools do not take these factors into consideration. A GFD excludes wheat, barley, and rye and carries many risks related to reduced acceptability and nutritional inadequacy [47]. Available gluten-free foods (GFFs) are generally low in fiber and some micronutrients compared to their gluten-containing counterparts [48].



Due to malabsorption, micronutrient deficiencies are common in patients with untreated CD. Therefore, nutritional assessment is very important in these cases and allows the identification of patients at risk of malnutrition [49]. Reduced micronutrient levels have been found in up to 88% of the adult population diagnosed with CD [50]. In addition, it has been shown that a GFD not only leads to micronutrient deficiencies but can also lead to excessive micronutrient intake [46].



Micronutrients absorbed in the proximal duodenum are at an increased risk of malabsorption as a result of CD. Nevertheless, other factors, such as a poor nutritional quality of the GFD or a lack of fortification in gluten-free products (GFPs) with calcium, folic acid, nicotinic acid, thiamine, and iron can lead to persistent micronutrient deficiencies regardless of disease activity [51]. The results of several studies indicate that adults with CD who follow a GFD have micronutrient intakes below the recommendations for vitamin D, iron, calcium, vitamin B12, thiamin, vitamin B6, folate, vitamin A, zinc, and magnesium. Additionally, children’s GFDs have been found to have low levels of iron, vitamin D, calcium, vitamin B12, vitamin B6, folate, zinc, and magnesium [50]. With a GFD, some of these nutritional deficiencies can be reversed, such as vitamin B12 and vitamin K. However, vitamin A, vitamin D, iron, copper, and zinc appear to only be partially reversed [50,52].



The adoption of a strict GFD for life is challenging; however, it is the only effective treatment for CD. As a result, all newly diagnosed patients with CD should receive a routine nutritional evaluation and GFD education from an experienced dietitian, as well as a follow-up for patients with persistently elevated or detectable celiac serologies, persistent symptoms, difficulty adhering to the GFD, or poor nutritional quality of the GFD [53,54].




3.3. Extraintestinal Symptoms and Comorbidities of Celiac Disease


If CD is not adequately treated, it may lead to some serious complications and comorbidities. CD presents with a wide range of clinical symptoms, including classical and non-classical gastrointestinal symptoms, extraintestinal manifestations, and subclinical manifestations [55]. Gastrointestinal manifestations are the most common and include flatulence, bloating, and chronic diarrhea [56]. Extraintestinal manifestations include decreased bone mineralization, osteopenia and osteoporosis, arthralgia, anemia, neurological symptoms, and fatigue [37]. Other comorbidities commonly associated with CD are hypertransaminemia, infertility, short stature, and delayed puberty [57].



Extraintestinal symptoms may sometimes be the only indicators of CD, leading to a significant delay in diagnosis. Some of the most frequently reported symptoms are fatigue, tooth enamel defects, and osteoporosis. In some patients, there may be only one or two symptoms, while in others, there may be a number of symptoms occurring at the same time [58]. Additionally, non-compliance with a strict GFD further contributes to the occurrence of these manifestations in patients with CD who have already been diagnosed. It is still unclear how the comorbidities of CD are caused by the precise pathophysiological mechanisms. There are some extragastrointestinal manifestations that are directly related to the malabsorption of essential nutrients, particularly minerals and vitamins [59].



Refractory CD is one of the complications. The condition is characterized by prolonged villous atrophy in duodenal biopsies from patients with CD [60]. Symptoms of malabsorption accompany this rare complication of CD, which has a variable prevalence and incidence. There has been a decrease in the incidence of refractory CD over the last 20 years, possibly as a result of increased awareness, stricter adherence to the GFD, and an increased availability of GFPs [61,62]. This condition may be primary, refractory at the time of diagnosis, or secondary, occurring following a period of response to GFD treatment [63].



In the oral cavity, both children and adults may suffer from late eruption of teeth, enamel defects, caries, plaque, and periodontitis [64]. There are numerous ocular manifestations associated with this disorder, including nyctalopia, dry eye, thyroid-related orbitopathy, cataracts, retinal vein occlusion, uveitis, and neuro-ophthalmic manifestations [65]. Dermatitis herpetiformis is commonly referred to as CD of the skin. Despite the fact that symptoms may not respond immediately to a GFD, patients with dermatitis herpetiformis must begin a lifelong regimen. In addition, CD may be related to a number of diseases, including Alzheimer’s disease, psoriasis, rosacea, androgenic alopecia, and atopic dermatitis [58,66]. A variety of neurological symptoms and alterations of the peripheral or central nervous system have been described in patients with untreated CD, including epilepsy, peripheral neuropathies, cerebellar ataxia, migraines, and cognitive impairment [34]. The pathogenesis and effects of a GFD should, however, be further investigated.



It is common for patients with CD to experience bone manifestations such as decreased bone pain, bone density and fractures, osteoporosis, and osteopenia. While several mechanisms have been proposed, such as malabsorption of calcium and vitamin D and the release of proinflammatory cytokines, the underlying mechanisms remain unclear [67]. CD has also been linked to joint and muscle conditions [68]. Additionally, CD has sometimes been associated with renal diseases, such as nephropathy or chronic kidney disease [69].



In addition, CD has also been related to intestinal malignancies, such as T-cell lymphoma, which in turn is related to small bowel and colorectal cancers and enteropathies [70]. Malignant neoplasms and an increased risk of mortality are also associated with CD [71]. One example is the development of small bowel cancer, where CD-associated small bowel carcinoma predominantly affects the jejunum after an average duration of CD of 17 months. Mismatch repair deficiencies are more common in small bowel carcinomas related to CD than in those associated with Crohn’s disease or sporadic small bowel carcinomas [72].



The most prevalent symptoms of undiagnosed CD in children and adults are abdominal pain, flatulence, chronic diarrhea, and bloating. In most cases, these problems can be resolved by following a strict GFD. Intestinal intussusception and intestinal malignancies are rare conditions that are rarely associated with CD. A greater amount of attention should be paid to them by physicians and further research should be conducted [39].





4. Diagnostic Approaches to Celiac Disease


4.1. Differential Diagnosis of Celiac Disease


Multiple factors play a role in the pathogenesis of CD, including environmental, immunological, and genetic factors. Consequently, diagnosis is based on a combination of criteria, including clinical, serological, genetic, and histological features. These may include the detection of anti-tissue transglutaminase antibodies or a small bowel biopsy showing villous atrophy and increased intraepithelial lymphocytes [6]. CD exhibits similar duodenal histopathological characteristics as numerous other intestinal disorders, such as irritable bowel syndrome, which leads to misdiagnosis in some cases [12]. Moreover, population-based screening studies have demonstrated that for each diagnosed case, there are numerous undiagnosed cases, thereby underscoring the necessity for more efficient detection strategies and more general screening [55]. Therefore, a thorough assessment of characteristic histological findings, clinical data, serological markers, and immunological factors is necessary for an accurate diagnosis [73].



Within the category of CD mimickers, various groups exist. One of them is infectious diseases. Giardiasis, which is brought on by Giardia lamblia, ranks as one of the most prevalent intestinal parasite infections [74]. It can induce intestinal villous atrophy [75]. Another example is gastritis caused by Helicobacter pylori, resulting in epithelial lymphocytosis and mild villous changes. The presence of foveolar gastric metaplasia and marked neutrophilic infiltration in the epithelium or lamina propria can distinguish Helicobacter pylori-associated peptic duodenitis from microscopic alterations in CD [76]. Finally, viral gastroenteritis can cause mucosal changes, but in these cases the mucosa recovers after infection [77].



Secondly, drugs such as non-steroidal anti-inflammatory drugs, immunomodulators, and antineoplastic drugs can histologically mimic CD. However, villous atrophy is rarely described in these cases [74]. In particular, olmesartan, an angiotensin II receptor blocker, causes partial to complete villous atrophy, thus mimicking the histology of CD [78].



Furthermore, during the diagnosis process, CD could be confused with other immunoinflammatory conditions. Food protein-related intestinal disorders, which have histological abnormalities resembling those of CD, are frequently transient or can be resolved by excluding the allergen from the diet. Pernicious anemia may lead to inadequate flattening of the intestinal villi and irritation of the mucosa [79]. Collagenous sprue, an uncommon disorder leading to inadequate absorption, is often misdiagnosed as CD. Yet, recognizing a dense layer of subepithelial type I collagen alongside inflammatory cells and captured capillaries can result in an accurate diagnosis [80]. Common variable immunodeficiencies may also mimic the features seen in CD. However, duodenal samples from individuals with CD may show two distinct features not commonly found in these patients: reduced plasma cells (observed in approximately two-thirds of cases) and increased follicular lymphoid hyperplasia [73]. Finally, autoimmune enteropathy is characterized by the thinning of the intestinal mucosa and the existence of autoantibodies attacking enterocytes and/or goblet cells. An increase in the lamina propria with a combination of inflammation and neutrophil infiltration, or a pattern resembling CD, is a distinguishing characteristic. It is important to note that biopsies from various parts of the digestive system often show histological abnormalities and can help with diagnosing issues.




4.2. Treatment/Medication


As of now, the only treatment for CD is the permanent and complete elimination of gluten from the diet. Gluten is the antigenic trigger for the celiac immune response. It is an effective treatment modality that may be able to reverse the specific alterations caused by CD, including the clinical symptoms that contribute to poor quality of life [81]. Despite overall mortality being higher in the celiac population, it appears that for those patients who can adhere to a GFD, there is no statistically significant difference compared to the healthy population [81,82].



Despite there being many reasons why adherence to the GFD must be strict to improve outcomes and it is supposed to be theoretically simple, this diet has many complexities and must not only be gluten-free, but also balanced, covering the total energy and nutritional requirements [83,84]. As for the disadvantages, it is important to note that following a GFD influences social issues, especially because it is an expensive diet and can be tedious to follow in various social settings [85]. There is little doubt that these reasons contribute to a substantial proportion of patients not adhering strictly to a GFD. Current results show that adherence to the GFD shows highly variable figures in the celiac population following a GFD [86]. Low adherence implies a risk for the people with CD themselves, as they are exposing their intestinal mucosa to gluten, inducing malabsorption effects and other risks [81]. In contrast, some patients who adhere to a strict diet still experience symptoms. Possible causes explaining this phenomenon include small intestinal bacterial overgrowth, transient lactose intolerance, pancreatic insufficiency, poorly absorbed short-chain carbohydrates, and gastrointestinal comorbidities [87].



Due to these reasons, non-dietary treatment options are of considerable interest as a means of preventing or treating this disease [88]. The pathophysiology of CD and the main therapeutic approaches are currently being pursued to develop CD therapies. The gluten is modified/neutralized by latiglutenase [89], zamaglutenase [90], and AGY 010 [91], and a strategy for diminishing gluten’s toxic effects has been suggested that involves reducing the immunogenic components of its peptides in the stomach [92]. There is currently an ongoing Phase IIb crossover study investigating the efficacy and safety of latiglutenase treatment in symptomatic seropositive patients with CD who are on a GFD while undergoing periodic gluten exposure (NCT04243551). An ongoing Phase II study with 377 patients with active CD attempting a GFD is testing zamaglutenase (NCT05353985). With the use of gluten-containing bars, the study is designed to mimic real-life inadvertent gluten exposures.



The oral enzyme therapy, on the other hand, is quite attractive, since immunogenic gluten peptides are the initiators of the pathogenic cascade. The first peptidase therapies used proteases, which proved to be highly effective in vitro. There has, however, been no consistency between the results of several in vivo studies [93,94,95]. This may be due to the acidic pH of the stomach and interference with other dietary components [96]. Aspergillus Niger’s prolyl endopeptidase (AN-PEP), an acid-resistant enzyme, is now commercially available (Tolerase G) [88].



The degradation of tissue transglutaminase 2 is another important approach [97]. The ratio of villus height to crypt depth has been shown to reduce mucosal injury in patients with CD. Currently, this is the first pharmacological approach that has shown signs of protecting against gluten-induced mucosal injury [98]. Deamidation by TG2 leads to increased HLA-DQ2/8 affinity, which leads to the activation and expansion of gluten peptide-specific CD4+ type 1 helper T cells and their release of inflammatory cytokines [99], and its inhibition may provide a novel therapeutic option. ZED1227 is an orally available, small molecule inhibitor of intestinal TG2. For six weeks, ZED1227 effectively attenuated intestinal mucosal injury in patients with CD who received a moderate daily dose of gluten (3 g/day) during a Phase II proof-of-concept study [100].



The strategy is to induce gluten tolerance [101]. As part of this approach, tolerogenic dendritic cells may be used that promote an anti-inflammatory environment, induce clonal anergy or the deletion of antigen-specific T cells, or promote the differentiation of antigen-specific regulatory T cells, inhibiting gluten-specific CD4 T cells in individuals with CD [102]. Nexvax2 sought to induce tolerance by dermal vaccination with three immunodominant gluten peptides dissolved in saline. During the study, patients on a GFD received multiple doses of NexVax2 or placebo, followed by a double-blind, placebo-controlled oral gluten challenge. Nevertheless, it did not prevent the development of villous atrophy and symptoms associated with CD after the gluten challenge [103,104,105].



A strategy that seeks to reestablish tolerance to gluten is extremely promising since it targets mechanisms responsible for CD pathology rather than downstream effects. Patients may be able to consume gluten through such strategies and benefit from a significant improvement in their quality of life. Another approach involves intravenous administration of nanoparticles encapsulating gluten protein extract (TAK-101) in order to ensure the presence of a wide variety of gluten epitopes. There is a possibility that this approach may be a promising treatment, but further research is necessary [106]. In a Phase IIa study (NCT05660109), TPM502 is currently being tested in adults with CD. The purpose of this placebo-controlled trial is to determine the safety and tolerability of two infusions of TPM502 at increasing doses in patients with well-controlled CD who have been on a GFD for at least six months.



Monoclonal antibodies can be used to target cytokines. A key cytokine in the pathogenesis of CD appears to be interleukin (IL)-15 [107]. Overexpression of IL-15 stimulates intraepithelial cytotoxic CD8 T cells, which results in the destruction of intestinal tissue. The first IL-15-targeted assay evaluated a monoclonal antibody (mAb) (AMG714) against IL-15 [108]. Clinical symptoms, particularly diarrhea, showed signs of improvement.



Larazotide acetate, a locally acting tight junction regulator used to decrease gut permeability, has reached Phase III development (CeDLara, NCT03569007). In addition to paracellular and transcellular pathways for gliadin transport, larazotide acetate might have compromised its therapeutic potential [92]. A small-molecule modulator called IMU-856 targets sirtuin 6, a transcriptional regulator of intestinal barrier function and regeneration of the bowel epithelium [109]. It was demonstrated in a placebo-controlled Phase Ib study that 28 days of treatment with IMU-856 at two different dose levels (80 and 160 mg), followed by a 15-day gluten challenge with 6 g of gluten daily, significantly attenuated gluten-induced mucosal deterioration as assessed by villous height changes [110].



Research has recently highlighted the functional capacity of the microbiome, particularly at sites of inflammation. In patients with CD, shorter gluten peptides are produced and partially degraded by opportunistic bacteria, such as Pseudomonas, which can cross the intestinal barrier more easily and activate T cells. There are several Lactobacillus species that are capable of digesting and inactivating both gluten and nongluten amylase/trypsin inhibitor proteins [111,112,113]. So far, clinical studies on probiotics’ effectiveness in CD have been mixed.



In summary, CD is heterogeneous, and it may be difficult to find a treatment that effectively addresses all manifestations. Personalized medicine may be necessary in the future to tailor treatment according to the individual’s needs. These trials offer hope that more convenient, effective, and reliable treatment options will become available for patients with CD in the future. Currently, the GFD remains the only effective treatment option [88].




4.3. Screening and Early Detection


The diagnosis of CD can be complicated, as symptoms can vary significantly from patient to patient. As previously mentioned, according to the clinical manifestation, CD is classified into classical, non-classical, subclinical, and refractory [1]. The gold standard for the diagnosis of CD is represented by the combination of mucosal changes and serological test positivity [7,114].



Serology is crucial in diagnosing CD, as it helps to identify individuals who require an intestinal biopsy [73]. It is important to conduct all serological diagnostic tests in patients who are consuming a diet that includes gluten. Anti-tTG-IgA in serum is commonly used for diagnosing CD due to its high sensitivity, although at low levels its specificity decreases [63]. The anti-endomysial IgA antibodies (EMA-IgA) are almost 100% specific for CD, but they are less sensitive, more expensive, and more operator-dependent than the anti-tTG-IgA antibodies. Due to these characteristics, EMA-IgA is an ideal second-line test [63]. Both anti-tTG-IgA and EMA-IgA have a limited diagnostic yield in patients with concurrent IgA deficiency. Moreover, it is important to be cautious when interpreting the low sensitivity of anti-tTG IgG and anti-EMA [37]. Presently, consensus points towards using anti-tTG-IgA as the first serological test, along with checking total IgA levels to eliminate the possibility of IgA deficiency happening at the same time [63]. Finding positive anti-tTG IgA should lead to duodenal biopsies to confirm the diagnosis [115].



Currently, CD cannot be diagnosed using only serology, clinical features, or histology; a combination of them is necessary. In this sense, it is recommended that a sequential approach begins with serology in patients at high risk, followed by a biopsy if the result of serology is positive (together confirming the diagnosis) or if symptoms persist [63]. Although a duodenal biopsy is required in most cases to confirm the diagnosis, it has been suggested to avoid this step in selected children [6]. It is recommended to collect four biopsies from the second duodenal portion and two biopsies from the bulb [116]. Children’s non-biopsy diagnoses have increased so rapidly that many studies consider the increase in serum anti-tTG-IgA (>10× after gluten exposure) as a threshold to further reduce the need for biopsies [117]. CD also has a strong connection with the histocompatibility antigens, such as HLA DQ2 and DQ8. Almost every individual diagnosed with CD will test positive for one or both HLAs or a heterodimer fraction. If there is a discrepancy between serology and histology and in first degree relatives, genetic testing should be performed [73].



It is crucial to emphasize that the diagnosis of potential, silent, and seronegative CD can differ. Potential CD is identified by a positive CD serology test without any mucosal damage on biopsy [118]. In this instance, a diagnosis of CD is confirmed by a serological response around 12 months later [119]. The diagnosis of silent CD is based on a positive serology and histology for CD and the absence of classical or non-classical symptoms [1]. Seronegative CD is identified by active enteropathy, absence of positive serology for CD, ruling out other causes, and showing histological and clinical improvement when following a GFD [1,120]. Before starting a GFD, other causes of enteropathy should be ruled out in these situations. HLA typing can also exclude the possibility of CD in cases of seronegative enteropathies. In order to confirm the diagnosis, a documented histological response after 1–3 years of a GFD is required [119,121,122].



Finally, the diagnosis of refractory CD. To determine the likelihood of refractory CD, the initial diagnosis of CD should be reassessed by examining biopsies and serological tests conducted during the diagnosis process. Individuals with a confirmed diagnosis of CD who adhere strictly to a GFD for over one year and continue to experience unexplained, persistent, or recurring symptoms and/or signs of malabsorption along with damage to the villi in the duodenum are classified as “refractory”. Before determining refractory CD, other related pathological conditions need to be ruled out. The most common of these are intolerances to lactose and fructose, bacterial overgrowth in the small intestine, microscopic colitis, pancreatic insufficiency, and inflammatory bowel disease [63].





5. Gluten and Diet


5.1. Dietary Management of Celiac Disease


The only effective treatment for CD is the lifelong strict adherence to a GFD. This regimen involves not only the elimination of gluten-containing foods but also vigilance against gluten contamination. However, complete avoidance of gluten re-exposure remains challenging [123]. The difficulty of fully excluding gluten from the diet is reflected in adherence rates, which vary between 42% and 91% across different populations. Suboptimal adherence is influenced by a range of demographic, psychosocial, and clinical factors [124], imposing significant social and financial constraints on patients. Additional challenges to maintaining a GFD include the restrictive nature of the diet, poor palatability, inadequate education and misinformation, inconsistencies in food labeling, and potential cross-contamination [125]. This cross-contamination remains a major issue, occurring both during production and in the preparation of GFFs at home or in restaurants. To support CD patients, it is imperative to provide comprehensive education regarding the adherence to a proper GFD, including guidance on interpreting food labels [126].



Historically, CD management has focused predominantly on avoiding gluten-containing foods, with less emphasis placed on the nutritional quality of the GFD. For optimal health, a GFD must not only be free of gluten but also balanced to meet all energy and nutrient requirements. This includes consuming naturally GFF groups such as fresh fruits, vegetables, seafood, meats, poultry, legumes, nuts, and most dairy products [127]. It is recommended that the diet include daily consumption of 2–3 portions of vegetables, 2–3 portions of fruits, 3–6 portions of gluten-free grains, 2 portions of dairy, and 1–2 portions of protein sources. Additionally, 5–7 portions of nuts and at least 1–2 servings of legumes should be consumed weekly [83].



Research indicates that GFDs are often unbalanced, with a low intake of cereals, fruits, and vegetables, and excessive consumption of meat and derivatives [84]. This imbalance may lead to deficiencies in micro- and macronutrients. The typical GFD often lacks complex carbohydrates and protein while being high in fat and simple carbohydrates [54]. Furthermore, GFFs often lack essential minerals (calcium, copper, iron, magnesium, zinc), vitamins (B12, folate, D), and fiber [128]. Thus, the ideal GFD should be nutrient-dense, balanced in macro- and micronutrients, affordable, and easily accessible [127].



Dietitians play a crucial role in providing effective education on maintaining a strict GFD, and regular follow-up is essential to assess adherence and improve the quality of life for CD patients. Enhancing the access to dietitians, improving tools to assess GFD adherence, increasing the availability of GFFs, and reducing gluten contamination in GFPs are all necessary steps to support CD management [129].




5.2. Food Choices and Alternatives


Eliminating all the gluten from the diet poses significant challenges due to the pervasive presence of gluten in the food supply, including the processing of foods that are naturally gluten-free. Moreover, the limitations of testing gluten content and the reliance on manufacturers’ assessments of processed foods further complicate this task [46]. Processed GFPs are often of inferior quality and nutritional value compared to their gluten-containing counterparts [130]. There is a pressing need for greater collaboration among food technologists, nutritionists, the food industry, and regulatory bodies to enhance the nutritional quality of GFPs, thereby improving the health of individuals with CD adhering to a GFD. This includes the exploration of alternative ingredients and technologies to increase the micronutrient and dietary fiber content in GFPs [131].



Furthermore, conventional GFDs tend to have a higher caloric content, often leading to weight gain in patients adhering to a GFD, despite no increase in food intake [54]. A systematic review and meta-analysis of the dietary quality of GFDs revealed that GFFs generally have a lower protein content, which is concerning given protein’s wide-ranging health benefits, and they also tend to have higher fat and salt content compared to their gluten-containing equivalents [131]. The refined flours or starches used in GFPs are typically of poor quality unless fortified with fiber and other nutrients [132].



A broad range of cereals, grains, seeds, legumes, and nuts—such as amaranth, quinoa, millet, sorghum, flax, and chickpeas—can serve as replacements for gluten, offering improved palatability and nutritional quality for GFDs. However, these alternatives are often underutilized, partly due to their high cost and limited availability [133]. The inclusion of oats in a GFD may be beneficial, given their nutritional and health advantages [134]. Gluten-free processed foods made from amaranth, quinoa, and buckwheat offer higher levels of protein, fat, fiber, and minerals compared to those made from rice and corn, making them excellent alternatives to GFPs [135].



Gluten-free options are now available for traditional gluten-containing foods, such as baked goods, using gluten-free cereals and pseudocereals as their base ingredients, such as rice, corn, quinoa, millet, and amaranth [136]. CD patients should consume gluten-free whole grains, pseudocereals, and fortified or enriched products made from these to ensure adequate supplies of complex carbohydrates, protein, fiber, fatty acids, vitamins, and minerals [137]. Pseudocereals, in particular, are predominantly composed of albumins and globulins, containing little to no storage of prolamin proteins, making them excellent substitutes as GFFs [138]. Additionally, amaranth and quinoa are valuable sources of folic acid, riboflavin, vitamin C, and vitamin E [50]. These differences between products with and without gluten have been graphically summarized in Figure 1.




5.3. Supplementation in Celiac Disease


In the management of CD, supplementation primarily involves the use of micronutrients, prebiotics, and probiotics. Micronutrient supplementation is critical due to the common deficiencies observed in untreated CD, including calcium, iron, zinc, magnesium, folate, vitamin B12, and vitamin D. These deficiencies can persist even after the adoption of a GFD and should be carefully monitored and addressed [139]. For patients with subclinical or asymptomatic CD, it is recommended to include adequate calcium and vitamin D supplements as part of their GFD regimen, although the evidence supporting this practice is not robust enough [140].



Notably, the effects of supplementation are more pronounced in younger individuals compared to older adults [141]. Supplementation with calcium and vitamin D is particularly important during the first two years of a GFD, as these nutrients play a crucial role in mitigating bone resorption [142]. Iron deficiency, often observed in children with newly diagnosed CD, usually normalizes within 12 months of adhering to a GFD without requiring additional iron supplementation [143]. However, despite strict adherence to a GFD, approximately 30% of CD patients continue to experience nutritional deficiencies, necessitating targeted supplementation [144]. In cases where oral supplementation is ineffective, intravenous administration may be necessary [55]. Zinc levels typically improve with a GFD, independent of zinc supplementation, and deficiencies generally resolve without the need for long-term supplementation [119]. Copper deficiency, though rare, has also been reported in CD and typically normalizes with adequate supplementation and adherence to a GFD [122]. Additionally, B-vitamin supplementation has been shown to effectively reduce homocysteine levels in CD patients, suggesting its potential role in disease management [145].



Regarding probiotics and prebiotics, the Lactobacillus and Bifidobacterium species are the primary probiotics associated with CD management. These microorganisms are present in the intestinal environment and have been found to produce active peptidases capable of breaking down long-chain amino acids, thereby protecting the intestine from severe immunological reactions to gluten [146]. Supplementation with a multispecies probiotic, alongside a GFD, has been deemed safe and may facilitate weight recovery in individuals with growth retardation due to CD [147]. Probiotic supplements are particularly valuable in maintaining a balanced gut microbiome, which may become disrupted following gluten exclusion from the diet [148]. While long-term adherence to a GFD can alleviate many symptoms of CD, intestinal microbiome dysbiosis may persist, and probiotics combined with GFDs have shown promise in restoring the intestinal flora in CD patients, although further research is needed [149]. Prebiotics, such as oligofructose-enriched inulin, are well tolerated in children and adolescents with CD and can enhance iron absorption by decreasing hepcidin levels [150]. Additionally, prebiotics have been shown to improve vitamin D and E status in pediatric CD patients and may offer a novel approach to managing fat-soluble vitamin deficiencies [151]. Despite these positive findings, current clinical guidelines do not universally recommend the use of probiotics, prebiotics, or micronutrient supplementation in the absence of specific nutritional deficiencies or particular clinical conditions [152]. Figure 2 shows the main strategies for the management of CD.





6. Socioeconomical Aspects of Celiac Disease


6.1. Celiac Disease and Quality of Life


6.1.1. Quality of Life Across Age Groups


In the early stages of life, early diagnosis of CD in asymptomatic patients leads to better quality of life and better compliance with a GFD [153,154,155]. Several studies have shown that children who are lost to follow-up are less likely to adhere to a GFD and have positive celiac antibodies [156]. This underscores the fact that the importance of regular control has been demonstrated.



Nutrition plays an important role in a child’s optimal growth, development, and health [157]. While adhering to a GFD is important for the success of treatment and the prevention of other complications, recent studies indicate that patients who follow this diet may be at risk for nutritional deficiencies. As previously mentioned, GFPs tend to be deficient in fiber, iron, vitamin D, calcium, and have a high glycemic index, contributing to this vulnerability [158,159,160,161]. According to studies, 84% of children and adolescents consume GFPs (which are high in carbohydrates and lipids) between two and three times per day [161,162].



During adulthood, a delay in diagnosis may have a significant impact on the quality of life of patients and may even result in long-term health consequences, such as diminished bone health and malignancy [163,164,165]. It is therefore imperative to identify, diagnose, and treat CD as soon as possible. Currently, the only treatment recommended is lifetime adherence to a GFD, which can reduce symptom severity but can have adverse effects on quality of life [166]. Finally, there may be additional challenges for elderly patients with other coexisting medical conditions and ensuring that a GFD contains a variety of nutrients [83].




6.1.2. Economic Burden


In order to treat CD, patients are required to follow a GFD for the rest of their lives [167]. It is often the case that GFPs are more expensive and less readily available, which increases financial stress and negatively impacts overall well-being [148]. The ideal GFD involves complete elimination of all gluten-containing foods from the diet, including gluten proteins found in barley (hordeins), wheat (gliadins), oats (avenins), rye (secalins), and other closely related grains [168]. One of the main complaints of individuals with CD is the high price of GFPs which it has been broadly confirmed by several studies. This “extra-cost” of GFPs, compared with the gluten-containing counterparts, apparently varies considerably among countries and also among different stores, with reported data ranging from 20% to almost 500%. Furthermore, the increased cost of other food groups not containing gluten (e.g., fruits and vegetables) have an additional indirect cost [169]. Another important aspect is that, although during the past 10 years there has been an important increase in the production and availability of GFPs, this is not sufficient to offset the overall socioeconomic burden for individuals with CD [170].





6.2. Psychological and Social Aspects of Living with Celiac Disease


A person with CD may suffer from mood disorders, including manic-depressive disorder, schizophrenia, or bipolar disorder, as well as anxiety and depression [171]. Studies have shown that patients with CD experience low quality of life, anxiety, and depression. Furthermore, they have highlighted the importance of nutrition in reducing these effects [172,173,174,175]. Despite this, very little research has been conducted regarding motivation’s role and impact on quality of life and adherence. As a result of the study’s findings, motivation appears to play a critical role in determining people’s adherence to diet; in fact, motivation was found to be correlated with adherence to diet. Thus, when treating patients with CD, motivation must be taken into account. In addition, it is important to recognize that the constant vigilance required to avoid gluten can lead to frustration, feelings of isolation, and a diminished enjoyment of meals [176].



Taking part in social activities such as dining out, traveling, and attending social events is often challenging due to the limited gluten-free options and the fear of accidental exposure to gluten [177]. According to a study of Dutch patients with CD [178], 23.2% reported food insecurity, and 10.4% reported extremely low food security. A low level of insecurity was associated with poorer quality of diet [178]. There was an association between food insecurity and heightened perceived barriers across several themes, including skills, social circumstances, resources, and GFPs [178]. An analysis of the qualitative data revealed a deeper understanding of these challenges. This included strategies employed to manage costs and insights into the psychological burden associated with GFDs [178].



These disparities are evident across various patient contexts; for instance, children with CD may face challenges during mealtimes at school or social interactions [179], whereas adults with CD may experience difficulties during business lunches or networking events [177].



Comprehensive education on managing a GFD is of great importance, including recognizing hidden gluten sources and navigating social situations [180]. A number of support systems are available, including dietitians, support groups, and mental health professionals, which can ease some of the emotional and social burdens associated with the disease [181]. The availability of GFPs and increased labeling accuracy can simplify daily life for gluten-free patients [182].




6.3. Benefits of Physical Exercise in Celiac Disease


Patients with CD experience significant consequences such as malabsorption, which can result in deficits in bone and muscle health due to inadequate absorption of calcium, vitamin D, and other essential nutrients. As a result, patients with untreated or poorly managed CD are at risk of osteoporosis and low bone mineral density [140,183]. Additionally, reduced muscle mass, often observed in patients with CD [184], further exacerbates these risks, as muscle plays a key role in maintaining bone strength and promoting healthy bone mineral density [185] through mechanical loading and endocrine interactions. Regarding fat mass, evidence reveals discrepancies. Some adult patients adhering strictly to a GFD exhibited lower fat mass compared to healthy control groups [184]. However, children with CD had significantly higher mean values of fat-free mass [186]. Consequently, body composition in CD patients differs from that of non-celiac control individuals even after a longstanding GFD [187]. This variation may be partly attributed to unbalanced dietary patterns commonly observed in GFDs, which tend to be higher in fat and lower in carbohydrates. Additionally, a lack of a healthy lifestyle, including regular physical exercise, may further contribute to these differences, underscoring the importance of tailored dietary and lifestyle guidance to support and maintain optimal body composition [188].



Muscle, as one of the most critical endocrine organs, plays a central role in regulating systemic processes, including gut health and immune function [189,190]. Given this, physical exercise emerges as a valuable therapeutic tool for addressing the biopsychosocial impacts of CD. Physical exercise can improve the intestinal mucosa, enhance nutrient absorption, and reduce systemic inflammation, alleviating gastrointestinal symptoms and supporting immune function [189,190,191,192]. Furthermore, physical exercise is known to decrease stress and anxiety while promoting systemic well-being [189,190]. When performed in group settings, it can also foster socialization, addressing some of the psychosocial challenges faced by patients with CD. In addition, the physiological stress and metabolic demands of sports in athletes can negatively impact the quality of life of professional or semi-professional athletes, resulting in a higher risk of developing CD and more severe symptoms than the general population [193].



From a musculoskeletal perspective, 12 weeks of aerobic and resistance training [192], or aerobic training through high-intensity interval training [191], can improve muscle mass and bone health, directly counteracting the detrimental effects of CD on these systems [191,192,194]. Such modes are also linked to better body composition, greater strength, and enhanced gastrointestinal motility, potentially due to favorable changes in the gut microbiome [192,194]. Additionally, physical exercise could increase energy levels, combat fatigue, and improve overall quality of life in patients with CD [189,190]. In children, programs promoting physical activity, particularly increasing time spent in vigorous physical activity, were significantly associated with higher muscle mass and bone mineral density [195].



Although further research is needed to personalize physical exercise recommendations for individuals with CD, its role as a complementary therapy to a GFD is undeniable. Tailored physical exercise programs hold promise in improving not only physical health but also psychological and social well-being in this population.





7. Advances, Emerging Therapies, and Future Perspectives


Despite the global advancement of research into this disease, it is vital to facilitate the exchange of knowledge and the undertaking of joint studies, particularly in developing or underdeveloped countries, given the lack of information regarding prevalence and the paucity of clinical studies. Therefore, the establishment of robust international collaboration, enhanced longitudinal care, and the implementation of early screening procedures for children within the general population may offer a potential solution for the development of an effective secondary prevention strategy, with the objective of reducing the social- and health-related burdens. Furthermore, it could facilitate a more comprehensive comprehension of the global prevalence of CD and facilitate the assessment of relevant factors, such as environmental interaction, genotype, or microbiome [9,11].



Currently, there is a great deal of research being conducted in the field of new treatment modalities for CD, and the treatments which are being investigated show potential for meeting the unmet needs of CD patients [88]. Nevertheless, at present, the only effective treatment for CD is the GFD, although increased understanding of the pathophysiology of CD has unveiled different therapeutic targets (see Section 4.2).



CD treatments in development vary not just in their targets but also in their dependence on gluten. Gluten-dependent therapies include glutenases and TG2 inhibitors. These approaches likely require substantial ongoing gluten exposure to demonstrate clinical efficacy, as evidenced by the latiglutenase Phase IIb study (NCT01917630). Gluten-independent approaches, such as IMU-856, or drugs that modulate the immune response, may be effective also in seronegative patients as an adjunct to GFDs or in patients with refractory CD. The observed regenerative properties of IMU-856 in the context of CD suggest that further research might explore its potential application in other gastrointestinal disorders as well [196]. In accordance with the FDA’s draft guidance for CD, gluten-independent treatments may be particularly relevant, as the guidance emphasizes drug development as an adjunct to GFDs for patients exhibiting signs and symptoms of the disease despite strict dietary adherence, rather than drugs that substitute for GFDs. It is important to note that certain types of treatments are tailored for specific subtypes of CD, such as refractory CD, where treatments such as IL-15 inhibitors target the aberrant immune response characteristic of the more severe form of CD that is not associated with gluten consumption.




8. Conclusions


Despite the growing knowledge of CD and the awareness of patients suffering from this condition, the management of dietary aspects remains a challenge. Among the main remarkable problems are the high prevalence of undiagnosed cases, a higher cost and lower availability of gluten free options, the risk of cross-contamination, products with lower nutritional quality in comparison with their gluten-containing counterparts with the consequent risk of malnutrition, changes in gut microbiota composition linked to GFDs, and the lack of public policies to support CD patients. Research is needed to better understand and manage this disease, as well as a greater commitment by the food industry, governments, and institutions in order to improve the quality of life of these patients.
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Figure 1. Com