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Abstract

:

The gluten-free diet (GFD) is the cornerstone treatment for coeliac disease (CD). However, a healthy GFD is more complex than the only exclusion of gluten-containing foods. Most celiac patients do not receive nutritional advice and tend to consume industrial gluten-free products (GFPs), which often lack fiber, vitamins, and other micronutrients while being rich in saturated fats and refined sugars. This review focuses on the main potential metabolic disorders and nutritional deficiencies in CD patients at diagnosis and dissects the main nutritional and metabolic issues due to a non-balanced GFD. Nutritional tips to achieve an adequate dietary approach in CD are provided. We also compared the main nutritional components of naturally gluten-free cereals (including pseudocereals) to give an exhaustive overview of the possible healthy alternatives to processed GFPs. Clinicians and dietitians should be systematically involved in the diagnosis of CD to monitor the appropriateness of GFD and the patient’s nutritional status over time.
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1. Introduction


Celiac disease (CD) is a chronic autoimmune disorder leading to nutrients’ malabsorption due to villous abnormalities in the small intestine caused by the ingestion of gluten-containing foods in genetically predisposed individuals [1]. Gluten is a complex protein made of glutenin and prolamin, found in wheat, oat, and barley. In the 1960s, the gluten-free diet (GFD) was recognized as a potential treatment, restoring the normal intestinal mucosa in coeliac patients [2]. To date, the only treatment for diagnosed CD is a strict adherence to GFD to manage symptoms and to promote intestinal healing. GFD consists of the elimination of the storage proteins found in wheat, rye, and barley, and some related grains, such as kamut and triticale.



Although CD may lead to various nutritional deficiencies in macro-and micronutrients, it is today diagnosed both in underweight and overweight patients [2]. At diagnosis, celiac patients often present an imbalance of micronutrient uptake and micronutrient deficiencies [3]. Moreover, the consumption of ultra-processed gluten-free products (GFPs) and a low fiber intake often characterizing GFD can exacerbate these nutritional imbalances, potentially raising the risk of metabolic diseases and chronic micronutrient deficiencies. Indeed, GFPs are often low in B vitamins, vitamin D, iron, zinc, magnesium, and fiber. Furthermore, paradoxically, although poor nutritional values of some GFPs, in many countries, the cost of such products is largely borne by the state promoting the daily GFPs’ consumption by CD patients. Gluten-containing foods are mainly substituted by naturally alternative cereals, such as rice, corn, and potatoes, presenting a higher glycemic index, which may lead to glucose intolerance increasing the risk of the development of metabolic disorders [4].



In this context, correct nutritional monitoring of the celiac patients in GFD and a new food approach are required. This review focuses on the main possible metabolic disorders and nutritional deficiencies in CD patients at diagnosis and after initiating GFD. We also propose nutritional tips for a balanced and healthy diet for CD patients to prevent metabolic disorders and micronutrient deficiencies, focusing on a Mediterranean diet based on GFD and pseudocereals consumption.




2. Impact of GFD on Nutritional Status in CD Patients


Several studies [5,6,7] analyzing large populations of Irish, North American, and Italian CD patients highlighted the risk of overweight and obesity among CD patients following GFD. Barone et al. showed that, at diagnosis, 82% of celiac Italian adult patients had a normal or body mass index (BMI) > 25 kg/m2, and only 10% were underweight [7]. After initiating GFD, BMI increased [7]. A recent meta-analysis confirmed these results assessing a statistically significant increase in BMI of celiac patients before and after initiating GFD (standard mean difference (SMD) 0.26; 95% confidence interval (CI) 0.17, 0.35 p < 0.001) [8]. Tortora et al. [9] went further, focusing on the prevalence of metabolic syndrome–defined as a combination of diabetes, high blood pressure, and obesity-in CD patients on a free diet and after GFD. Moreover, newly diagnosed patients with CD and normal BMI or overweight are likely to increase BMI one year after starting GFD. A recent study found that in 44 Asian patients with CD, metabolic syndrome was present in 11.4% of patients at diagnosis and more than 18% after one year of GFD [10]. After a median duration of 4 years of GFD, 26.3% of 130 CD patients developed a metabolic syndrome [10]. Conversely, few studies showed beneficial effects of GFD on BMI in celiac patients. A North American study demonstrated, after 2.8 years of GFD, a reduction in BMI in 16.7% of overweight CD patients and in 5.9% of obese CD patients, and an increase in BMI in 47.5% of underweight CD patients [11]. Bardella et al. demonstrated that the body weight and BMI of CD women were significantly lower than healthy controls [12]. This could be explained by the lower total energy intake found in the CD patients than healthy subjects [12].



In children, a recent study showed that CD patients following GFD presented a significantly higher increase in weight and BMI compared to controls. Więch et al. showed that after a minimum of one year of a GFD, CD children showed significantly higher values of fat-free mass and muscle mass [13]. The prevalence of obese CD patients at diagnosis ranges from 0% to 6%, whereas, after initiating GFD, it varies from 0% to 8.8%. On the other hand, Lionetti et al. enrolling 120 children with CD and 100 healthy children both on a GFD for ≥2 years, showed that the nutritional status of CD children did not differ from healthy children [14]. However, a higher intake of fat and a lower intake of fiber was reported in the diet of CD children compared with controls [13]. Consequently, an in-depth nutritional status assessment seems to be necessary for children with CD. As regards celiac adolescents, after one year of GFD, body weight, BMI, fat-free mass, bone mineral density significantly decreased compared with controls [15].



To sum up, the impact of GFD on body weight and body composition in adult CD patients remains debated, and further studies are needed. However, in children and adolescents, we understand that a suitable nutritional education program is useful to help them to accept this diet. Indeed, children and adolescents may feel deprived of appetizing products and be tempted by high consumption of commercial gluten-free, highly processed products [16]. GFPs are generally high in fat to improve their presentation and palatability and often have a greater glycemic index and a lower content of folates, iron, and B vitamins than their gluten-containing equivalents [17]. Consequently, their frequent intake may lead to an increased risk of dyslipidemia, overweight, or obesity. In the next paragraph, we sought to highlight possible associations of GFD with potential metabolic disorders and nutritional deficiencies in celiac patients.




3. CD, GFD and Metabolic Disorders


3.1. CD, GFD and Lipid Profile


Newly diagnosed CD children showed elevated levels of total cholesterol and low-density lipoprotein cholesterol (LDL-C) and reduced high-density lipoprotein cholesterol (HDL-C) levels [18]. A recent study compared the lipid profile of 12 untreated CD children with that of 10 control patients showing a decreased level of serum triglycerides levels and very-low-density lipoprotein (VLDL) and an increased level of LDL-C in CD children compared with controls [19]. These results could be explained by fat malabsorption characterizing untreated CD patients. Recently, in an observational study of 30 CD children and adolescents having available lipid profiles before and after initiation of GFD, total cholesterol levels remained unchanged, while triglycerides decreased, and HDL-C increased [20].



In adults, a recent systematic review [21] found three studies assessing lipid levels before and after the initiation of a GFD [9,22,23] and one study reporting the prevalence of dyslipidemia in celiac patients following a GFD [24]. In the first one (a prospective study), no significant changes were found in terms of levels of triglycerides in patients following one-year GFD [9]. On the other hand, the second study found increased serum triglyceride levels, a higher total cholesterol level, and a decrease in the HDL level in CD patients following a GFD for 4.7 years [22]. Finally, a cohort study of 185 patients with CD retrospectively showed a significantly increased cholesterol level and a significantly decreased HDL level after the initiation of GFD after more than one year of GFD; however, triglycerides levels did not statistically differ [23]. These findings demonstrated a worsening of lipid profile in CD patients following GFD. However, a cross-sectional study showed that a lower prevalence of dyslipidemia in CD patients compared with the control group [24].




3.2. CD, GFD, Glucose Intolerance and Type 2 Diabetes (T2D)


To our knowledge, the prevalence of T2D in CD patients on a GFD [24,25] and the glycemic level before and after the start of a GFD [9,22] were reported, respectively, in two studies.



A study comparing 840 CD patients following GFD for approximately 84 months and 840 healthy controls found a lower prevalence of T2D and a lower BMI in the celiac group compared with controls [24]. These findings could be attributable to the alteration of pancreatic function, a lower nutrient absorption, and impairment of gastrointestinal, endocrine functions. Indeed, tissue transglutaminase drives inflammation in CD, impairing the expression of peroxisome proliferator-activated receptor γ, which could, in turn, be implicated in a decreased risk of T2D [24]. In another large observational cohort study of CD patients and controls, the prevalence of T2D did not significantly differ [25].



On the other hand, regarding glycemic levels, in a cohort observational study, including 98 CD patients, higher blood glucose levels were reported after initiating GFD compared with diagnosis [9]. Another study confirmed these results showing a significantly increased fasting blood glucose level in CD patients after the initiation of GFD compared with those at CD diagnosis [22].



Thus, although the results of currently available studies remain controversial, overweight, obesity, dyslipidemia, and increase in glycemic levels intolerance could be possible consequences of GFD in CD patients, leading to potential risks of metabolic disease development.





4. CD, GFD, and Nutritional Deficiencies


4.1. At Diagnosis


The most common nutritional inadequacies in diagnosed CD patients are deficiencies in iron, calcium, zinc, vitamin B12, vitamin D, and folate. Indeed, the proximal small bowel is an important site for absorption of nutrients; in untreated CD, there is a loss of brush border proteins and enzymes needed in the absorption of micronutrients [26].



Various studies showed a prevalence of folate deficiency in newly diagnosed CD patients ranging from 18% to 90%, depending on the methods of measurement of folates [27,28]. In particular, a negative association was found between erythrocyte folate concentrations and the grade of villous atrophy in adults with symptomatic CD [29]. Low folate concentrations may be attributable to vitamin B12-deficiency since folate requires vitamin B12 for its activation. Additionally, iron deficiencies are also found in one-third of the CD patients at diagnosis [30]. Calcium deficiency is one of the common nutritional deficiencies in newly diagnosed CD patients leading to potential subsequent metabolic bone diseases. A study enrolling 86 consecutive newly diagnosed CD patients found that 34% of patients had a normal bone mineral density, 40% osteopenia, and 26% osteoporosis [31]. Several studies showed that zinc deficiency might also occur in patients with CD because of the damaged intestinal epithelial cell membrane, such as a cumulative loss of insoluble zinc complexes with fat and phosphate, exudation of zinc protein complexes into the intestinal lumen, and massive loss of intestinal secretions or impaired zinc absorption [32]. In children newly CD-diagnosed, vitamin D, zinc, and iron deficiencies are frequently observed at the time of diagnosis [33]. The reduced growth rate in CD children may be related, in part, to zinc deficiency [34]. In CD adults, Jameson and colleagues also reported an association between zinc, iron, copper, folate, and vitamin B-12 deficiencies and the severity of villous atrophy: the more pronounced is the lesion, the lower are the plasmatic levels [35]. Although B-vitamins are absorbed in the proximal small bowel, which is the most prominent site affected in CD patients [36], recent studies did not report vitamin B2 and B6 deficiencies in untreated CD-patients [27,37]. On the other hand, vitamin B12 deficiency is found in 8–41% of CD patients at diagnosis [36,38], as well as vitamins A, D, E, and K [36]. These deficiencies may be related to small intestinal bacterial overgrowth, which often occurs due to the small intestinal injury [39].



Thus, newly diagnosed celiac patients often present several micronutrient deficiencies, suggesting that specific nutritional recommendations should be provided to these patients in terms of the quality of the nutrients.




4.2. In Patients Following GFD


Many pediatric studies have demonstrated that intakes of folate, magnesium, zinc, and selenium may be lower on a GFD than healthy controls [40,41,42]. A recent study, including 101 children, demonstrated that celiac children had lower iron intake than controls, especially at the initiation of GFD [43]. Healthy controls showed a higher intake of folate, iron, magnesium, and selenium than that of children CD-GFD >6 months and a higher intake of folate and iron than that of children initiating GFD <6 months. In contrast, another study found that iron and calcium intakes were higher in CD children than controls [44]. Other evidence highlights that celiac children and adolescents tend to follow a high-lipid, high-protein, low fiber diet compared with healthy subjects [45]. These findings suggest that the diet of celiac children may be potentially less balanced than that of the controls, thus deserving nutritional advice.



In CD adults, various studies highlighted that the GFD treatment does not fill up mineral and vitamin deficiencies reported at diagnosis, especially iron deficiencies [46,47,48,49]. Calcium deficiencies were also reported [31,46,48,49,50] in CD patients adhering to a GFD. The intakes of selenium, zinc, and magnesium were found to be lower in CD subjects than in controls [44,49]. A prospective Australian study showed that more than one in 10 of both newly diagnosed and experienced CD women (adherent to a GFD ≥ 2 years) had inadequate thiamin, folate, vitamin A, magnesium, calcium, and iron intakes [49]. Inadequate intake did not relate to the nutrient density of the GFD. The frequency of inadequacies was similar pre-and post-diagnosis, except for thiamin and vitamin A, where inadequacies were more common after GFD implementation.



Micronutrient deficiencies in celiac patients following GFD are common and may be associated with habitual poor food choices in addition to inherent deficiencies in the GFD. Dietary education by dietitians is necessary for the management of CD patients, and an adequate micronutrient intake could be achieved through adequate micronutrient supplementation.





5. Nutritional Tips for an Adequate and Balanced Diet


All evidence suggests that avoidance of gluten cannot be the unique focus of a GFD, and an adequate and balanced diet should be considered by physicians and provided by experienced dietitians after a nutritional assessment. We highlighted in this part several nutritional tips for CD patients (Figure 1).



5.1. Limit Sugar Consumption


Several studies have reported metabolic alterations induced by the consumption of sugar [51,52], and numerous studies have concluded that it is positively associated with many components of metabolic syndrome [53,54]. Consumption of sugar promotes body weight and fat gain, which leads to dysregulation of lipid and carbohydrate metabolism, which increases in risk for metabolic disease [55].



Various cohort studies reported a higher intake of sugars in CD than in healthy controls [7,56]. This could be explained that commonly, processed GFPs contain more added sugar than wheat-based foods as GFPs ‘manufacturers try to obtain the same texture and “mouth feel” as gluten-contained products. In 2018, a United Kingdom (UK) study compared the nutritional composition of GF foods available in the UK (n = 679) with regular foods (n = 1045) [57]. GF foods contain more sugar (and high and medium-fat, saturated fat, and salt) than regular foods, although this was not universally consistent. In addition, GF bread and flour products contained high sugar, and GF crackers contained high-fat and sugar compared to regular foods [57]. A significantly higher total sugar level (8.1 g/100 g) was also found in GF cake mixes and cakes rather than wheat-contained cakes, while pasta has similar sugar content [58]. Although manufacturers have considerably improved the nutritional profiles of GFPs, CD patients and parents of CD children need nutritional education to limit sugar consumption contained in industrial products, such as GFPs.




5.2. Increase Dietary Fiber Intake


Dietary fibers are the edible parts of plants or analogous carbohydrates that are resistant to digestion and absorption in the small intestine with complete or partial fermentation in the large intestine [59]. Dietary fiber, including polysaccharides, oligosaccharides, lignin, and associated plant substances, is mainly found in whole grains, fruits, vegetables, nuts, seeds, and legumes. Increasing total dietary fiber reduces body fat [60], improves glycemic response [61], as well as triglycerides and LDL profiles [62,63]. Furthermore, a recent meta-analysis suggested an inverse association between dietary fiber intake and risk of metabolic syndrome [64].



GFD could reduce the intake of complex carbohydrates and fibers [9,46]. A study evaluating American adult celiac patients following GFD found that less than half of women consumed the recommended amount of dietary fiber. In addition, a German study on adult celiac patients assessed that only a fraction of the overall patients consumes the recommended reference values for fiber [47]. This inadequate fiber intake could be explained by a decreased intake of grain products with the consumption of many GFPs containing refined floors with low fiber content [65,66]. While common GFPs have low fiber content, recently, food industries developed GFPs from alternative gluten-free grains and pseudo-grains like quinoa, sorghum, buckwheat, and amaranth, having a fiber content equivalent to wheat products. At the same time, CD patients could benefit from the consumption of fiber contained in legumes, fruits, vegetables, and gluten-free cereals with a high content of soluble fiber, such as millet, wild and brown rice, as well as pseudocereals.




5.3. Increase Polyunsaturated Fatty Acid Intake


The associations between metabolic diseases and dietary fat quality and quantity are well-known. Several studies assessed positive associations between saturated fatty acids (SFAs) intake and increased body weight [67,68]. On the other hand, both positive [68,69] and negative [70] relationships between monounsaturated fatty acids (MUFAs) intake and risk of obesity have been assessed. As regards polyunsaturated fatty acids (PUFAs), inverse [71,72], null [68,73], and positive [68,74] associations have been reported between their consumption and risk of obesity. PUFAs are classified in n-3 fatty acids and n-6 fatty acids. Omega-3 fatty acids hold great promise in the prevention and management of obesity [75]. Furthermore, a randomized controlled trial showed that, unlike the SFA-rich diet, an n-6 PUFA-rich diet was associated with improvements in blood lipids and fasting insulin [76]. More specifically, a low ratio of n-6/omega-3 fatty acids intake may reduce the risk of many of various chronic diseases [77]. Thus, regular consumption of flaxseed, nuts, fish and vegetable oils, such as olive and canola oil, may be useful to deal with obesity and to improve the lipid profile. The study by Ohlund et al., enrolling Swedish celiac children, observed a relatively high mean intake of SFAs and a low intake PUFAs (respectively 14% and less than 4% of the total calorie intake) [44]. Bardella et al. [12] studied the nutritional intake of 71 patients following a strict GFD and 142 healthy control subjects matched by sex and age. The diet of the CD patients was unbalanced, with a higher percentage of energy as fat and a lower percentage of energy as carbohydrates than healthy controls [12]. Another study [46] examined the dietary intake of 47 adolescents with CD compared with 47 healthy age-matched control subjects. Patients with CD and control subjects both consumed a normocaloric diet; however, lipid and protein consumption was higher and that of carbohydrates lower in CD patients compared with controls [46].



As regards fatty lipid profiles of GFPs, a recent study evaluated the composition of 35 bakery GFPs [78]. In such products, the main lipid constituents were MUFAs (57%), followed by SFAs (30%) and PUFAs (13%) [78]. Less than half of the 35 GFPs provided adequate energy intake, while in 11 samples, SFAs were found to supply more energy than that recommended by the European Food Safety Authority (EFSA). Moreover, high-value GFPs manufacturers also use palm oils, whereas the local producers generally contain the finest raw materials, such as olive oil [78]. Another study evaluated the quality of the lipid fraction of gluten-free biscuits [79]. The fatty fraction of gluten-free biscuits, present as mean amounts of 15% of total energy, indicated a high content of triacylglycerol oligopolymers (0.46%) and oxidized triacylglycerols (0.80%), as well as, in some cases, high levels of oleic acid trans isomers (reaching of 9.39%). All these substances have been shown to negatively impact health [80]. Since the diet of celiac patients often contains a high consumption of packaged GFPs (such as snacks, bakery products, and biscuits), this should be seriously considered.



All these findings raise the question of an appropriate quantity and quality intake of lipids in celiac patients following GFD to maintain a healthy blood lipid profile and prevent metabolic diseases.




5.4. Limit Consumption of Ultra-Processed Food GFPs


Ultra-processed GFPs are commonly used among celiac patients as tasty alternatives to gluten-containing bakery products. Even if recommended as safe for CD, processed GFPs are of lower quality and poorer nutritional value compared with the gluten-containing counterparts.



GFPs are often based on corn starch–representing the main ingredient-, potato starch or rice flour, either enriched with milk solids, soy protein, eggs, or lupine proteins. Although the soluble fiber content is considered high, the estimated glycemic index of the gluten-free bread varied between 83.3 and 96, highlighting that these products have a high glycemic index [81]. The nutritional composition of the 206 GFPs most consumed in Spain was compared with that of 289 equivalent gluten-containing foods. The same study also compared the diet GFPs-based with the same diet, including equivalent gluten-based products in 58 adult CD patients [82]. Significant higher calorie, salt, and cholesterol contents and lower fiber content have been found in GFPs compared with gluten-containing foodstuffs. This evidence was recently confirmed by Melini et al., who recently reviewed the nutritional profile of GFPs currently available on the market [83]. Compared with gluten-containing products, GFPs have low protein content and higher fat and salt content even if more adequate levels of dietary fiber and sugar than in the past have been reported. However, GFPs are generally non-fortified and do not contain the same level of micronutrients as gluten-containing bread.



Nestares et al. studied the impact of the substitution of ultra-processed GFPs with naturally gluten-containing products in children with CD [84]. CD children with the lowest consumption of ultra-processed food (below the 50% of daily energy intake) had healthier redox and inflammatory profiles (lower macrophage inflammatory protein-1α) compared to the group with the highest consumption of ultra-processed food regardless of the time on a GFD.



An interesting study evaluated the starch digestibility of several products in vitro, postprandial glucose levels, and insulin response in healthy subjects after administration of three GFPs and traditional bread [85]. The area under the curve (AUC) of digested starch of gluten-free bread was significantly higher than that of the traditional counterpart. Moreover, the glycemic index for gluten-free pasta was similar to the glycemic index for gluten-free bread, while the glycemic index for quinoa was significantly lower than that of gluten-free pasta and bread. These results indicate that the different formulations and the food processing procedures used by manufacturers may affect the rate of starch digestion both in vitro and in vivo.



Hence, all these findings showed that the consumption of GFPs must be nutritionally monitored. Celiac patients, especially children, and adolescents should be educated to choose products with a good nutritional profile. This is noteworthy also for non-celiac people, who often follow a diet, including GFPs, for the popular belief that those are healthier than gluten-based products.



Although the formulations of industrial products are improving, it remains advisable to limit the consumption of GFPs in favor of naturally gluten-free foods.




5.5. Increase the Consumption of Naturally Gluten-Free Cereals, Including Pseudocereals


In the last years, much attention in gluten-free cereals is increasing. We evaluated the gluten-free cereals and pseudocereal grains in terms of their protein, fat, total starch, dietary fiber, ash, and mineral content, as well as their fatty acid composition (Table 1). Data were retrieved from the National Nutrient Database for Standard Reference Legacy Release (SR legacy) data (https://fdc.nal.usda.gov/download-datasets.html; accessed on 21 February 2021). SR legacy provides nutrient and food component values that are derived from analyses, calculations, and the published literature. In the next paragraphs, we will review the main characteristics of the most available naturally gluten-free cereals.



5.5.1. Rice


There are different types of rice grains that vary considerably from each other, such as milled rice, brown and wild rice. Milled rice (or white rice) is one of the principal cereals of the gluten-free diet, as a component of cakes, biscuits, and bread. Milled rice has its husk, bran, and germ removed, while brown rice consists of endosperm, the embryo, and the bran layers. Compared with milled rice, brown rice contains relatively higher amounts of dietary fiber, unsaturated lipids, micronutrients (calcium, phosphorus, magnesium, potassium). This is because the embryo and the bran layers present in brown rice are rich in lipids, proteins, dietary fiber, and other components [86,87]. Several cohort studies have shown that brown rice consumption reduces the risk of developing metabolic diseases, such as obesity and T2D [88,89]. On the other hand, milled rice has higher glycemic index values than whole grains, such as brown rice [90]. A recent meta-analysis [91] found that high white rice consumption could be associated with an increased risk of metabolic syndrome development, particularly in Eastern Asia.



Wild rice also contains more proteins, dietary fiber, starch, vitamins (thiamine, vitamin B3), and minerals (phosphorous, magnesium, potassium, zinc, iron, calcium) than milled rice. Moreover, wild rice is a rich source of phenolic compounds, flavonoids, and phytosterols [92]. Milled rice is composed of very low amounts of dietary fiber, while wild rice is a rich source of resistant starch and dietary fiber [92]. Resistant starch is considered to provide health benefits as it cannot be digested and absorbed in the small intestine reaching the colon, where it is slowly fermented by microorganisms to produce short-chain fatty acids [93]. Compared with milled rice, the nutritional profile of wild rice is associated with improved lipid effects [94,95] and higher antioxidant effects [96].




5.5.2. Maize


Similar to milled rice, maize (or corn) is one of the main refined cereals consumed in gluten-free diets. The endosperm, the embryo, and the pericarp constitute the caryopses, the nutritive part of the plant.



Maize is mainly composed of carbohydrates representing 75% of its content. The protein content of maize is lower than other gluten-free cereals (6.9 g/100 g). In particular, like milled rice, maize is poor in some essential amino acids, such as lysine and tryptophan [97]. The fiber content is 7%, and the lipid content is almost twice the amount of the fat that milled rice. Maize germ contains a major part of minerals (potassium, magnesium, calcium, iron). However, the concentrated phytate levels in germ delay the bioavailability of calcium and iron [98]. Maize is also rich in vitamins E, thiamin, and niacin, and phytochemicals, such as flavonoids and carotenoids.



Maize is used in a wide range of gluten-free foods, such as breakfast cereals, sweet corn, corn pasta, corn syrup, corn chips. Starch, the predominant component of maize, is digestible after it is cooked or thermally processed using different means to prepare foods and food products [99]. The glycemic index value of maize-based GFPs varies according to the industrial food processes. The glycemic index value of cooked normal and sweet corn kernels could be higher than those of barley and wheat kernels but lower than those of rice kernels. Processed food products made from corn and wheat have comparable glycemic index values, which are lower than those of rice-based products. The differences can be attributed to faster starch digestive rates and larger contents of available starch of rice-based products [99].




5.5.3. Sorghum, Millet and, Teff


Sorghum has relevant nutritional properties, such as a considerable content of dietary fiber (6.6 g/100 g). Moreover, sorghum grain is rich in antioxidants and a good source of vitamins (B vitamins) and minerals (324 mg/100 g potassium, 12 mg/100 g magnesium, 12 g/100 g calcium, 1.6 g/100 g zinc). In addition, most sorghum genotypes are rich in bioactive compounds like phenolic compounds ferulic acid, p-coumaric acid, vanillic acid condensed tannins, and others [100]. Sorghum is a functional food having anticarcinogenic properties and reducing cardiovascular disease, T2D, and obesity [101,102,103]



Millet also represents a good source of protein (10 g/100 g), insoluble dietary fiber, lipids (especially PUFAs, 2.6 g/100 g)) and minerals, such as magnesium, potassium, selenium, folates. Millets were also found to be rich in free and bound phenolic acids. The glycemic index of millets ranged between 42.7 and 58.3, hence making them some valuable low GI food sources for diabetics [104]. The excellent nutritional profile and hypoglycemic properties of millet make it a promising ingredient for the functional gluten-free food industry.



Teff is another interesting gluten-free Ethiopian whole grain with a remarkable nutritional profile with a high content in proteins (13.3 g/100 g), dietary fiber (8 g/100 g), iron (7.63 mg/100 g), potassium (427 mg), zinc (3.63 mg/100 g) and calcium (180 mg/100 g). This cereal should be considered as an excellent alternative to refined gluten-free grains, even if scientific literature on this grain still lacks.
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Table 1. Nutrient composition of gluten-free cereals.
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Pseudocereals




	

	
Milled rice (2)

	
Brown rice (2)

	
Wild rice (2)

	
Maize *

	
Sorghum *

	
Millet *

	
Teff

	
Quinoa (1)

	
Amaranth (1)

	
Buckwheat






	
Energy (kcal)

	
360

	
362

	
357

	
361

	
359

	
382

	
367

	
368

	
371

	
343




	
Protein (g)

	
6.61

	
7.5

	
14.73

	
6.93

	
8.43

	
10.75

	
13.3

	
14.12

	
13.56

	
13.25




	
Total lipid (fat) (g)

	
0.58

	
2.68

	
1.08

	
3.86

	
3.34

	
4.25

	
2.38

	
6.07

	
7.02

	
3.4




	
Fatty acids, total saturated (g)

	
0.158

	
0.536

	
0.156

	
0.543

	
0.528

	
0.536

	
0.449

	
0.706

	
1.459

	
0.741




	
Fatty acids, total monounsaturated (g)

	
0.181

	
0.971

	
0.159

	
1.018

	
0.943

	
0.924

	
0.589

	
1.613

	
1.685

	
1.04




	
Fatty acids, total polyunsaturated (g)

	
0.155

	
0.959

	
0.676

	
1.759

	
1.403

	
2.618

	
1.071

	
3.292

	
2.778

	
1.039




	
Fatty acids, total trans (g)

	
NR

	
NR

	
NR

	
NR

	
0.004

	
0.002

	
NR

	
NR

	
NR

	
NR




	
Carbohydrate (g)

	
79.34

	
76.17

	
74.9

	
76.85

	
76.64

	
75.12

	
73.13

	
64.16

	
65.25

	
71.5




	
Total dietary fiber (g)

	
NR

	
3.4

	
6.2

	
7.3

	
6.6

	
3.5

	
8

	
7

	
6.7

	
10




	
Starch (g)

	
NR

	
80

	
69.3

	
NR

	
68

	
69.88

	
36.56

	
52.22

	
57.27

	
55




	
Vitamin A (μg)

	
NR

	
0

	
1

	
0

	
0

	
0

	
0

	
1

	
0

	
0




	
Vitamin B1 (thiamine, mg)

	
0.07

	
0.413

	
0.115

	
0.246

	
6.6

	
0.413

	
0.39

	
0.36

	
0.116

	
0.101




	
Vitamin B2 (riboflavin, mg)

	
0.048

	
0.043

	
0.262

	
0.08

	
68

	
0.073

	
0.27

	
0.318

	
0.2

	
0.425




	
Vitamin B3 (niacin, mg)

	
1.6

	
4.308

	
6.733

	
1.9

	
4.496

	
6.02

	
3.363

	
1.52

	
0.923

	
7.02




	
Vitamin B5 (pantothenic acid, mg)

	
1.342

	
1.493

	
1.074

	
0.658

	
0.539

	
1.267

	
0.942

	
0.772

	
1.457

	
1.233




	
Vitamin B6 (mg)

	
0.145

	
0.509

	
0.391

	
0.37

	
0.325

	
0.372

	
0.482

	
0.487

	
0.591

	
0.21




	
Folates (μg)

	
9

	
0

	
95

	
25

	
25

	
42

	
NR

	
184

	
82

	
30




	
Vitamin B12 (mg)

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
Choline (mg)

	
NR

	
NR

	
35

	
21.6

	
NR

	
NR

	
13.1

	
70.2

	
69.8

	
NR




	
Vitamin C (mg)

	
0

	
0

	
0

	
0

	
0.8

	
0

	
0

	
0

	
4.2

	
0




	
Vitamin D (μg)

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
Vitamin E (alpha-tocopherol, mg)

	
NR

	
NR

	
0.82

	
0.42

	
0.5

	
0.11

	
0.08

	
2.44

	
1.19

	
NR




	
Sodium (mg)

	
1

	
4

	
7

	
5

	
3

	
4

	
12

	
5

	
4

	
1




	
Calcium (mg)

	
9

	
33

	
21

	
7

	
12

	
14

	
180

	
47

	
159

	
18




	
Phosphorus (mg)

	
108

	
264

	
433

	
272

	
278

	
285

	
429

	
457

	
557

	
347




	
Iron (mg)

	
0.8

	
1.8

	
1.96

	
2.38

	
3.14

	
3.94

	
7.63

	
4.57

	
7.61

	
2.2




	
Magnesium (mg)

	
35

	
143

	
177

	
93

	
123

	
119

	
184

	
197

	
248

	
231




	
Potassium (mg)

	
86

	
268

	
427

	
315

	
324

	
224

	
427

	
563

	
508

	
460




	
Zinc (mg)

	
1.16

	
2.02

	
5.96

	
1.73

	
1.63

	
2.63

	
3.63

	
3.1

	
2.87

	
2.4




	
Copper (mg)

	
0.11

	
0.277

	
0.524

	
0.23

	
0.253

	
0.535

	
0.81

	
0.59

	
0.525

	
1.1




	
Selenium (μg)

	
NR

	
NR

	
2.8

	
15.4

	
12.2

	
32.7

	
4.4

	
8.5

	
18.7

	
8.3




	
Tryptophan (g)

	
0.077

	
0.096

	
0.179

	
0.049

	
0.106

	
0.17

	
0.139

	
0.167

	
0.181

	
0.192




	
Threonine (g)

	
0.236

	
0.275

	
0.469

	
0.261

	
0.312

	
0.354

	
0.51

	
0.421

	
0.558

	
0.506




	
Isoleucine (g)

	
0.285

	
0.318

	
0.618

	
0.248

	
0.309

	
0.473

	
0.501

	
0.504

	
0.582

	
0.498




	
Leucine (g)

	
0.546

	
0.62

	
1.018

	
0.85

	
1.085

	
1.537

	
1.068

	
0.84

	
0.879

	
0.832




	
Lysine (g)

	
0.239

	
0.286

	
0.629

	
0.195

	
0.174

	
0.144

	
0.376

	
0.766

	
0.747

	
0.672




	
Methionine (g)

	
0.155

	
0.169

	
0.438

	
0.145

	
0.145

	
0.319

	
0.428

	
0.309

	
0.226

	
0.172




	
Cystine (g)

	
0.135

	
0.091

	
0.174

	
0.125

	
0.165

	
0.178

	
0.236

	
0.203

	
0.191

	
0.229




	
Phenylalanine (g)

	
0.353

	
0.387

	
0.721

	
0.34

	
0.441

	
0.675

	
0.698

	
0.593

	
0.542

	
0.52




	
Tyrosine (g)

	
0.221

	
0.281

	
0.622

	
0.282

	
0.225

	
0.326

	
0.458

	
0.267

	
0.329

	
0.241




	
Valine (g)

	
0.403

	
0.44

	
0.858

	
0.351

	
0.387

	
0.584

	
0.686

	
0.594

	
0.679

	
0.678




	
Arginine (g)

	
0.551

	
0.569

	
1.136

	
0.345

	
0.33

	
0.37

	
0.517

	
1.091

	
1.06

	
0.982




	
Histidine (g)

	
0.155

	
0.19

	
0.384

	
0.211

	
0.167

	
0.257

	
0.301

	
0.407

	
0.389

	
0.309




	
Alanine (g)

	
0.383

	
0.437

	
0.825

	
0.518

	
0.758

	
1.282

	
0.747

	
0.588

	
0.799

	
0.748




	
Aspartic acid (g)

	
0.621

	
0.702

	
1.419

	
0.482

	
0.556

	
0.71

	
0.82

	
1.134

	
1.261

	
1.133




	
Glutamic acid (g)

	
1.288

	
1.528

	
2.565

	
1.3

	
1.741

	
2.599

	
3.349

	
1.865

	
2.259

	
2.046




	
Glycine (g)

	
0.301

	
0.369

	
0.672

	
0.284

	
0.313

	
0.271

	
0.477

	
0.694

	
1.636

	
1.031




	
Proline (g)

	
0.311

	
0.352

	
0.519

	
0.605

	
0.651

	
0.911

	
0.664

	
0.773

	
0.698

	
0.507




	
Serine (g)

	
0.347

	
0.388

	
0.778

	
0.329

	
0.411

	
0.782

	
0.622

	
0.567

	
1.148

	
0.685








* whole grains; (1) uncooked; (2) medium-grain and raw. Data based on SR legacy data (https://fdc.nal.usda.gov/download-datasets.html (accessed on 21 February 2021)). SR legacy is the National Nutrient Database for Standard Reference Legacy Release (SR legacy). SR legacy provides nutrient and food component values that are derived from analyses, calculations, and the published literature. SR legacy, released in April 2018, is the final release of these data types.














5.5.4. Pseudocereals


Pseudocereals are rich in starch, fiber, proteins, minerals, vitamins, and phytochemicals, such as polyphenols and phytosterols [105]. The main pseudocereals grains are amaranth, quinoa, and buckwheat. The major components of these grains are carbohydrates, with the content of starch ranging from 52 to 57 g/100 g. Compared with other pseudocereals, buckwheat has a higher content of resistant starch with a higher amylose content [106]. The high levels of resistant starch in buckwheat have been shown to contribute to the modulation of blood glucose and lipid levels, the regulation of gut microbiota, and the reduction of obesity [107]. Pseudocereals are also an excellent source of dietary fiber (10 g/100 g for buckwheat, 6.7 g/100 g for amaranth, and 7 g/100 g for quinoa). Moreover, compared with maize and milled rice, pseudocereals have superior nutritional value mainly related to their higher protein levels (14 g/100 g for quinoa, 13.5 g/100 g for amaranth, and 13.2 g/100 g for buckwheat), making them potential contributors to the protein intake of CD patients. Pseudocereals have an excellent balanced composition of amino acids, with a higher content of lysine, methionine, and cysteine than common cereals, such as sorghum, maize, white rice [108]. Furthermore, quinoa and amaranth have a higher content of lipid than other gluten-free cereals, especially a higher content of PUFAs. As regards minerals, amaranth contains the highest amount of minerals (iron, magnesium, potassium, calcium, phosphorus), followed by quinoa and buckwheat. Minerals’ contents are much higher in pseudocereals than other gluten-free cereals. Remarkable calcium content in amaranth (159 mg/100 g) could help celiac patients to counteract osteopenia and osteoporosis [109], while quinoa seeds contain high levels of folates (184 μg/100 g, often related to malabsorption in CD. Additionally, pseudocereals grains have a high content of bioactive compounds, such as saponins, phenolic compounds, phytosterols, and phytoecdysteroids, whose health benefits are recently becoming recognized [105]. All these results suggest that the pseudocereals, such as amaranth, quinoa, and buckwheat, can represent a healthy alternative to frequently used ingredients in GFPs and cooked preparations of CD patients.





5.6. Increase Micronutrients Intake from Food and Supplements if Necessary


Newly diagnosed CD patients should be systematically tested for micronutrient deficiencies [110]. If CD patients experience deficiencies of minerals (calcium, phosphorus, sodium, potassium, and magnesium) and other micronutrients, such as iron, zinc, and selenium, a nutritional education should be proposed: first, introducing into the eating habits of CD patients pseudocereals, in which the content of these elements can be twice as high as in other cereals. Second, the consumption of dairy products should be recommended since they are nutrient-dense foods containing high-quality protein and a wide range of essential micronutrients, including calcium, zinc and magnesium [111]. However, for patients, who experience lactose intolerance as a symptom of celiac disease, lactose-free dairy products should be more adequate. A regards iron; meat is known to be rich in heme iron, which is better absorbed than non-heme iron found in plant sources [112]. Thus, a regular intake of meat should be recommended for GFD patients. Moreover, in some GFD patients, a healthy GFD with good compliance could be insufficient to fill these deficiencies. Indeed, recent studies evaluating micronutrient circulating levels in long-term GFD patients (over two years) with good compliance demonstrated a deficiency in more than 30% of CD subjects for vitamin B12, 40% for iron, 20% for folic acid, 25% for vitamin D, 40% for zinc, 3.6% and 20% of children for calcium and magnesium [113]. Consequently, as micronutrient intakes in GFD could not be enough, monitoring the blood level of micronutrients to determine the right dosage of supplementation could be a good alternative to start an adequate and personalized supplementation of micronutrients.





6. Conclusions


GFD, the unique treatment for CD, consists of the exclusion of all processed and natural foods containing gluten. This review highlighted that most CD patients have or are at risk of developing metabolic diseases and nutritional deficiencies. Thus, a healthy GFD is more complex than a purely and simply exclusion of gluten-containing foods, and the adherence to a balanced GFD is challenging for CD patients, especially children and adolescents. GFD should be mainly composed of naturally gluten-free foods balanced with macro-and micronutrients. The consumption of olive oil, legumes, unrefined cereals, fruits, and vegetable appears to be essential to prevent metabolic diseases in CD patients, representing the principal aspects of the Mediterranean diet, the recognized healthy dietary pattern. In addition, CD patients should introduce pseudocereals representing a good source of complex carbohydrates, protein, fiber, fatty acids, vitamins, and minerals. Clinicians and dietitians should be systematically involved in the diagnosis of CD to monitor the patient’s nutritional status over time and compliance with GFD.
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Figure 1. The healthy gluten-free diet: practical tips to prevent metabolic disorders and nutritional deficiencies in celiac patients. 
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