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The gluten-free diet (GFD) has gained increasing popularity in recent years, supported by marketing campaigns,
media messages and social networks. Nevertheless, real knowledge of gluten and GF-related implications for
health is still poor among the general population. The GFD has also been suggested for non-celiac gluten/wheat
sensitivity (NCG/WS), a clinical entity characterized by intestinal and extraintestinal symptoms induced by gluten

ingestion in the absence of celiac disease (CD) or wheat allergy (WA).

gluten gluten-free diet low FODMAP diet

| 1. Introduction

Over the last 30 years, the gluten-free diet (GFD) has gained increasing popularity associated with an exponential
growth in the sales of gluten-free (GF) products LI, The global market for GF food, driven by North America and
Europe, but now spreading across the Asia-Pacific countries (APAC), was valued at USD 3.88 bn in 2016, and is
foreseen to expand to USD 6.47 bn in 2023, at a compound annual growth rate (CAGR) of 7.60% & (Figure 1).

Figure 1. GF product market, by region, during the forecast period of 2016 to 2023, modified from Research and
Markets, Report May 2019 [2. Abbreviations: GF: gluten-free; APAC: Asia-Pacific countries; RoW: rest of the world.

In the USA, a follow-up analysis of the National Health and Nutrition Examination Survey (NHANES) revealed that
self-adoption of a GF diet without a diagnosis of celiac disease (CD) tripled from 2009-2010 (prevalence 0.52%) to
2013-2014 (prevalence 1.69%) 8l and NPD’s Dieting Monitor, which tracks nutrition-related issues of consumers, in
2013 reported that nearly 30% percent of adults claimed to cut down on or avoid gluten 4. In Italy, where bread

and pasta are the foundation of food culture, is in the vanguard of the European GF sector with the range of
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products jumping from 280 in 2001 to the current 6500 and a market amounting to EUR 320 million, of which only
215 are dispensed on prescription for celiac patients. The launch of innovative products containing no or less
gluten and dominated by the bakery product segment is on the rise and contributes to boosting this industry.

Suppliers continue to invest in innovation to improve taste, texture and overall quality in GF formulations.

The GFD is recommended as lifelong treatment for CD. However, neither government awareness campaigns and
initiatives nor the improvement of diagnostic tools and increasing prevalence of CD B account for the
overwhelming adoption of a GF lifestyle. Clinical application of GFDs continues to escalate as a therapeutic option
for non-celiacs who seem to react negatively to gluten ingestion, are trying to lose weight & or simply want to
reduce bloating after meals 4. The reasons given for a self-imposed GFD include irritable bowel syndrome (IBS)
and lactose intolerance [8l. Other persons spontaneously limit or eliminate gluten intake as a “healthy” dietary
regimen without previous clinical tests due to the widespread consumer interest in free-from products and the
growing adoption of specific eating patterns in pursuit of health and wellness [, In an Australian cross sectional
population survey 29 symptomatic wheat avoidance was highly correlated with dairy avoidance, female gender
and lesser and greater receptiveness to conventional and complementary medicine, respectively. While perception
of the potential harm and expected benefits of gluten consumption/avoidance are high, real knowledge of gluten
and GF-related implications for health is scarce. An American survey 11 found that over 30% of respondents had
no specific reason for adopting a GF regimen, while less than 10% self-reported gluten sensitivity (GS). The other
reasons were a healthy lifestyle, improvement of intestinal health or the presence of a gluten-sensitive family
member. Different factors lie at the basis of the GF movement, mostly driven by non-scientific sources of
information. While Google searches containing “low carb” and “low fat” have declined since 2004, worldwide
searches for “gluten” showed a sharp upward trend, reaching the peak of food concerns from 2005 to 2014. From
then on, they have remained generally steady. In Italy, an increase in the number of searches was observed until
mid-2019, then there was a decline. This far exceeds lactose, genetically modified organisms (GMO) and palm oil,
with ratios approaching 16:1, 6:1 and 2:1, respectively. Marketing campaigns aimed at extending the appeal of GF
to every health-conscious consumer despite the high costs of products. Moreover, athletes and celebrities, together
with mass media messages and social network platforms, all contribute to increasing awareness of gluten
intolerance and fuel the interest in dietary treatments. Consumers commonly select GF products from aisles in
major supermarkets and health food shops 12; for many consumers, the front of package claims are more
important determinants of GF product choices 2! than nutritional labeling 4. Several studies have shown an
excessive intake of fats and carbohydrates, with a lower consumption of dietary fibers, in CD patients on a GFD
(131 Moreover, clinically relevant deficiencies of iron, vitamin D, vitamin B6 and zinc have been reported in CD
patients during treatment with a GFD, whereas data on deficiencies of vitamin B12, folic acid, calcium and
magnesium are controversial 18, The alarming discrepancy between media claims and scientific evidence [
drives the motivation and reinforcement of people’s commitment to avoiding gluten, generating a great deal of

confusion and misconceptions (18],

| 2. What About Gluten?
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2.1. Gluten Structure and Genetics

The term gluten collectively refers to a family of storage proteins, formally known as prolamins, naturally occurring
in wheat, barley and rye, and their cross-bred grains 2. Although oats also contain prolamins (avenins), they
represent a small (10 to 15%) proportion of total protein content, in comparison with 80 to 85% of wheat gliadins.
Moreover, avenins contain less proline than the other prolamins, are more easily digested and the peptides show
less affinity for MHC Il peptides encoded by HLA DQ2.5 haplotypes 29, These properties could make oats
generally safe for celiac patients, although individual hypersensitivity in some celiac patients can occur 211221 and
some varieties may display immunogenicity/toxicity 23241 The wheat prolamins are termed gliadins, monomeric
proteins divided into four distinct subtypes, referred to as alpha, gamma, delta and omega gliadins and glutenins,
and polymeric proteins composed of high (HMW-GS) and low molecular weight subunits (LMW-GS) linked by
disulfide bonds 23 (Figure 2a,b).

Figure 2. (a) The structure of the gluten protein gluten network. (b) The classification of wheat gluten proteins. (c)
Gliadin and glutenin loci in Triticum aestivum (AABBDD), modified from Sharma, 2020 28, HMW: high molecular

weight, LMW: low molecular weight.

A significant proportion of prolamins are represented by repetitive sequences of glutamine and proline. The various
wheat varieties differ in terms of prolamin molecular weight and microstructure (junction density, branching rate,
lacunarity). These characteristics influence the strength of the network and the dough quality and, in turn,
determine the tensile and cooking properties 1223127 pye to its unique biochemical and functional features
(water-binding and visco-elastic properties, gas retention), gluten is essential for baking but also widely used as an

additive in processed food.

Besides its commercial value, the detrimental effects of gluten on human health have been described, mediated by
immunological or toxic reactions 28, Due to the high number of glutamine- and proline-rich periodic sequences,
gluten peptides are highly resistant to gastric and intestinal proteolytic degradation, thus giving rise to potentially

immunogenic fragments. In addition, gluten alters intestinal permeability, promotes oxidative stress, exerts
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cytotoxic and pro-inflammatory effects and negatively affects the microbiome; cell apoptosis is increased and cell
differentiation is reduced 22, In celiac patients carrying HLA DQ2/DQ8 haplotypes, gluten triggers an innate, as
well as adaptative, Th1l-driven immune response, amplified by transglutaminase-mediated synthesis of negatively
charged glutamate residues from glutamine (28], Since the Neolithic Age agricultural revolution, 10,000 years ago,
ancient grasses have been domesticated and spread from the Fertile Crescent of the Middle East westward
through Europe B9, Agricultural techniques increased the abundance and availability of wheat, but it is only in the
past 500 years that the gluten content of foods containing wheat has significantly increased. Modern hexaploid
wheat cultivars have three different genomes (A, B and D) and evolved from the original diploid wheat, called
einkorn (Triticum monococcum), through thousands of years of selective breeding and the development of
tetraploid varieties Bl (Figure 2c). It has been posited that the genetic evolution, introducing new sequences into
the wheat genome, could have potentially led to an increase in toxic and immunogenic epitopes responsible for the
increased prevalence of CD 22 and, in general, of gluten-related disorders. A high-quality genome sequence was
established from the reference wheat Chinese Spring, which made a complete set of gluten protein genes available
from a single hexaploid cultivar 38184l Nevertheless, the large number of different wheat cultivars around the world,
the high allelic variation in gluten genotypes among cultivars and the large number of immunogenic gluten epitopes
make it difficult to draw firm conclusions, and the real contribution of modern wheat breeding practices to the
increased prevalence of CD is still a matter of debate. Data on the reduced immunogenicity of old wheat genotypes
because of the absence of the D-genome 22 have not been confirmed by more recent studies [22I36IE71S8] gng
their health-promoting properties emerging from recent studies appear to rely on other features rather than their
low immunogenicity. The macro- and micronutrient contents of ancient grains seem to decrease the risk of
cardiovascular disease and metabolic syndrome, ameliorate the glycolipid profile and reduce oxidative stress and
the level of pro-inflammatory cytokines. Furthermore, their consumption has been reported to curtail the extent and
severity of IBS-related symptoms (22,

In the absence of convincing evidence for a role of wheat breeding in the increasing prevalence of gluten-related
diseases, change in per capita consumption of wheat flour and the usage of vital gluten as a processed food
additive have been postulated 49,

2.2. Is There a Role for Microbiota?

In recent years, the impact of gut microbiota on the loss of gluten tolerance has received increasing attention. The
intestinal microbial communities represent a complex ecosystem, which plays a central role in modulating both
innate and adaptive immune responses 41421431441 They are also involved in the maintenance of mucosal barrier
function, which is a crucial mediator between our body and the external environment, and prevent the entry of

toxic/immunogenic molecules across the intestinal wall 431441,

In both stools and mucosal biopsies of celiac patients, a shift toward Bacteroides, Clostridium and Escherichia coli,
with reduction in protective Bifidobacteria, Firmicutes and Lactobacilli, in comparison with non-celiac controls, has
been described 43148l a5 being partially restored by a GFD [4448l49 Both genetic makeup and environmental

factors contribute to shaping the composition and diversity of the intestinal microbiota. Infants with a high genetic
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risk of developing CD harbor a higher proportion of Firmicutes and Proteobacteria and a lower proportion of
Actinobacteria B9, resulting in an increased prevalence of pathogenic bacteria compared to those with a low risk
(51 According to the hygiene hypothesis, the decreased infectious pressure observed in industrialized countries
over the last several decades should prevent the development of a functional immune system during early
childhood, leading to an imbalance between pro-inflammatory and anti-inflammatory responses. Additional main
drivers of microbial gut colonization, such as mode of delivery, infant feeding practice and antibiotic use, were not
confirmed as risk factors for CD 221531541551 Although most studies report major differences in the composition of
microbiota between celiac patients and healthy controls, a specific microbial profile cannot be identified in CD 28],
Evidence on the causal relationship between dysbiosis and disease occurrence is highly heterogeneous and
controversial due to inter-individual variability, small sample sizes and different methodologies, which all hamper
the interpretation of results BZ. Finally, it is still unclear whether an altered microbiota in CD patients is the cause or
the consequence of mucosal inflammation 28, The exact mechanisms by which a dysbiotic status could contribute
to CD development are also still unknown and include the processing of gluten peptides, activation of innate

immune response and modulation of intestinal permeability 221691,

2.3. Gluten Consumption

The phenomenon of globalization is driving a revolution in food systems (supply, marketing and distribution) as well
as in dietary patterns. Major changes in food culture are closely associated with urbanization, increasing incomes,
capital flow and market liberalization, and are characterized by dietary convergence, a phenomenon occurring as a
result of increased reliance on a narrow base of staple foods, among which the dominant staple grain is wheat 611,
Palatability, ease of large-scale cultivation, industrial food processing and low prices have all contributed to the
global spread of wheat gluten consumption. Wheat production has increased sharply since 1955, showing an
impressive tenfold increase in the annual rate of yield improvement, particularly in the 1960s, and gradually
afterwards. This was thanks to a technology shift commonly labeled the “green revolution” 823l The green
revolution resulted in the development of rust-resistant semi-dwarf, high-yield wheat. Between 1980 and 2013, the
world’s annual wheat yield increased by 1.41% 841, Currently, North America maintains the leading position in the
wheat gluten market, followed by Europe. The abundance of applications in the food industry and high demand for
high-fiber and meat-free foods among an increasingly health-conscious and vegan/vegetarian population are
considered key factors boosting the growth of the wheat gluten industry in Western countries (62, The global wheat
protein market was estimated to be valued at USD 2.04 billion in 2017 and it was foreseen to grow at a compound
annual growth rate (CAGR) of 4.8% from 2017, to reach USD 2.58 billion by 2022 [66],

In highly populated, developing countries, particularly those in the Asian region, the growing middle class, adopting
Western-style diets with a higher content of wheat products, have contributed to increasing its consumption (4],
Recently, global change in consumption patterns and consumer attitudes during coronavirus lockdowns, and in
particular the boom of home baking, boosted a sharp increase in wheat consumption: the Spanish Minister of
Agriculture, Luis Planas, revealed that sales of flour quadrupled during the third week of lockdown; Nielsen data
showed that in March 2020, the retail flour sales in France, the US and ltaly increased by 140, 154 and 185

percent, respectively, compared with the same period in 2019.
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Vital wheat gluten (VWG) is obtained from wheat flour by removing soluble fibers and starch fractions and
recovering gliadins and glutenins &2, VWG is widely used as an additive in bakery products and pasta dough to
increase yields and improve rheological, microstructure and quality characteristics 8169 Due to its visco-elasticity
and the range of functional properties at a lower price than competitors, such as milk and soy proteins, have
contributed to spreading its use in the food industry, leading to a tripled consumption since 1977, consistent with
the epidemiology of CD 49,

2.4. Gluten Exorphins

Exogenous peptides with opioid-like activities, which include gluten exorphins (wheat), casomorphins (milk),
rubiscolins (spinach) and soymorphins (soybean) 29, display regulatory functions both for the gastrointestinal and
central nervous systems. In rodent behavioral models, food-derived, opioid-like peptides affect nociception,
spontaneous behavior and memory. After oral, intracerebroventricular or intraperitoneal administration, some food-
derived opioids also affect intestinal motility, hormone release, appetite, mucus production and local immunity [
72 |n rats, the opioid antagonist naloxone drastically reduces the intake of preferred foods [Z3Il74],

Enzymatic breakdown of gliadin from wheat by intestinal pepsin, leucine aminopeptidase and elastase generates
morphine-like peptides, also known as gluten exorphins 2. In healthy volunteers, early research showed that
gluten exorphins induced a significant increase in gastrointestinal transit time, reversible after administration of the
opioid antagonist naloxone [Z2I78],

In rodents, orally administered gluten exorphin A5 suppressed the endogenous pain-inhibitory system induced by
socio-psychological stress and modified spontaneous behavior and learning/memory processes during several
laboratory stressors, indicating that the peptides may cross the blood—brain barrier 2. It has been suggested that

the effects of food exorphins could be amplified if they are absorbed in excess through a disrupted mucosal barrier
[z8),
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