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Preface

During its 2.5 million years of evolution, the human species has evolved through major
dramatic changes, mainly dictated by natural elements and, most importantly, by food
availability. The diet of hunters and gatherers, hominids, was mainly based on fruit, vegetables,
tubers, and occasionally meat and fish. Then, approximately 10,000 years ago, a drastic change in
life style occurred, shifting from nomadic to settlers with domestication of animals and crops. A
consequence of this change was the advent of wheat and other grains containing gluten-related
proteins in human diet. This revolutionary transformation occurred at the Fertile Crescent, the
modern-day Iraq, and spread from South to North and East to West at a speed of approximately 1
km/year. Ever since, the distribution of food goods became more and more uneven with wealthy
countries getting more than necessary, while poor countries struggle with malnutrition and
consequently this increased mortality. Unfortunately, the industrial revolution, rather than closing
the gap, created even more inequalities that still exist today, leading to very different but equally
worrisome pathologies, namely obesity in industrialized countries and famine in developing
countries.

Beside nutritional problems secondary to quantitative imbalance, there are also nutritional
pathologies triggered by specific dietary elements. Celiac disease (CD) is an autoimmune
disorder occurring in genetically predisposed individuals, and triggered by the ingestion of
dietary gluten, the major protein component in wheat, barley and rye. In many areas of the world,
CD is one of the most common lifelong disorders affecting approximately 1% of the general
population. Gluten is the typical example of a “friend” (food) becoming a foe (because it can
cause an array of signs and symptoms in predisposed individuals). Gluten is a complex and
ancient protein that represents the main component of wheat with a unique primary structure rich
in proline and glutamine amino acid residues. For this reason, gluten is extremely difficult to
digest. With more than 150,000 genes, wheat represents an extremely complicated component
that evolved over the millennia to reach its present genetic and structural characteristics. The
history of humans and the evolution of gluten related disorders are intertwined with the evolution
of wheat and gluten: how they developed, how they continue to evolve, and how they affect
humankind today around the world in a variety of gluten-related symptoms and disorders.

Almost 2,000 years ago, Aretacus from Cappadocia reported what is believed to be the first
description of a case of CD. It would take approximately another 1,800 years before CD
resurfaced in medical literature. This time it was a British doctor, Samuel Gee, who officially
placed celiac disease on the medical map in 1861 when he gave a famous lecture in London that
provided the first modern description of CD:

“There is a kind of chronic indigestion which is met with in persons of all ages, yet is
especially apt to affect children between one and five years old. Signs of the disease are
yielded by the feeces [sic]; being loose, not formed, but not watery, more bulky than the



food taken would seem to account for; pale in colour [sic], as if devoid of bile; yeasty,
frothy, an appearance probably due to fermentation, stinking, stench often very great, the

’

food having undergone putrefaction rather than concoction.’

Following his medical intuition, Gee described celiac disease as a malabsorption syndrome
triggered by some unidentified foodstuff. He was right on target with his description, but not on
target with the culprit of the disease. Gee’s recommendation was to feed patients bread that was
“cut thin and well toasted on both sides.”

The real breakthrough that eventually led to the gluten-free diet as treatment came almost a
century later thanks to the acumen of a Dutch physician, Willem-Karel Dicke. He noted that the
mortality rate of children suffering from celiac disease before World War II decreased
dramatically during the war from 30-35 percent to almost zero. Given the scarcity of wheat
during the war, Dicke suspected that wheat flour was indeed responsible for the symptoms
endured by the celiac children. He followed his intuition by performing a trial on a very limited
number of children that proved him right. Since these pioneering studies and with the advent of
specific and sensitive screening tools, we have appreciated that CD and other gluten related
disorders are present worldwide and, like many other immune-mediated diseases, are increasing
over time.

Gluten sensitivity (GS) was originally described in the 1980s and a recently “re-discovered”
syndrome entity, characterized by intestinal and extra-intestinal symptoms related to the ingestion
of gluten-containing food, in subjects that are not affected by either CD or a wheat allergy.
Following the landmark work by Sapone and coworkers, describing the clinical and diagnostic
features of GS in 2010, a rapidly increasing number of papers have been published by many
independent groups, confirming that GS should definitely be included in the spectrum of gluten-
related disorders. However, many aspects of GS epidemiology, pathophysiology, clinical spectrum,
and treatment are still unclear.

Treatment of CD and other gluten-relate disorders is based on the lifelong exclusion of gluten-
containing cereals from the diet. The changes needed to begin and maintain a gluten-free diet
(GFD) are substantial and have a major impact on daily life. Over the past 30 years,
developments in the nutritional aspects of CD have been huge. Nutrient deficiencies have been
described in celiac patients both before and after diagnosis, due to intestinal malabsorption and
specific limitations of the GFD, respectively. The relationship between the level of gluten intake
and intestinal damage has been analyzed leading to new Codex Alimentarius recommendations
on the gluten threshold in gluten-free food. Contamination with gluten of the GFD is an
important issue in CD management. The spectrum of cereal toxicity for CD patients has been
investigated with practical implications on the GFD. The nutritional quality of gluten-free food is
constantly improving thanks to the new scientific approach in the technology of gluten-free wheat
substitutes.
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In this Nutrients Special Issue, a summary of contemporary issues on the management of CD
and other gluten-related disorders is provided. This book capitalizes on the contribution of
opinion leaders concerning the multidisciplinary ramifications of these disorders. We want to
take this opportunity to thank all contributors to this book. This project would not have been
possible without the expertise and invaluable contribution and technical support of the Nutrients

editorial team.

Carlo Catassi, Alessio Fasano
Guest Editors
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Abstract: Non Celiac Gluten sensitivity (NCGS) was originally described in the 1980s
and recently a “re-discovered” disorder characterized by intestinal and extra-intestinal
symptoms related to the ingestion of gluten-containing food, in subjects that are not
affected with either celiac disease (CD) or wheat allergy (WA). Although NCGS
frequency is still unclear, epidemiological data have been generated that can help
establishing the magnitude of the problem. Clinical studies further defined the identity of
NCGS and its implications in human disease. An overlap between the irritable bowel
syndrome (IBS) and NCGS has been detected, requiring even more stringent diagnostic
criteria. Several studies suggested a relationship between NCGS and neuropsychiatric
disorders, particularly autism and schizophrenia. The first case reports of NCGS in
children have been described. Lack of biomarkers is still a major limitation of clinical



studies, making it difficult to differentiate NCGS from other gluten related disorders.
Recent studies raised the possibility that, beside gluten, wheat amylase-trypsin inhibitors
and low-fermentable, poorly-absorbed, short-chain carbohydrates can contribute to
symptoms (at least those related to IBS) experienced by NCGS patients. In this paper we
report the major advances and current trends on NCGS.

Keywords: gluten sensitivity; celiac disease; wheat allergy; gluten-related disorders;
gluten-free diet

1. Introduction

Gluten sensitivity (GS) was originally described in the 1980s [1] and a recently “re-discovered”
syndrome entity, characterized by intestinal and extra-intestinal symptoms related to the ingestion of
gluten-containing food, in subjects that are not affected with either celiac disease (CD) or wheat
allergy (WA). Following the landmark work by Sapone and coworkers, describing the clinical and
diagnostic features of GS in the year 2010 [2], a rapidly increasing number of papers have been
published by many independent groups, confirming that GS should definitely be included in the
spectrum of gluten-related disorders. However, many aspects of GS epidemiology, pathophysiology,
clinical spectrum, and treatment are still unclear. Given the recent increase of the gluten-free market
worldwide, partially sustained by individuals who claim a medical necessity to undertake a
gluten-free diet (GFD), there is a need of “separating the wheat from the chaff” [3]. This goal will be
achieved by (a) proper scientific information, (b) shared definitions, and (c) prospective, multi-center
studies addressing the many unsolved issues on GS. In order to develop a consensus on new
nomenclature and classification of gluten-related disorders, a panel of experts first met in London, in
February 2011. The panel proposed a series of definitions and developed a diagnostic algorithm that
has been recently published [4].

After the 2011 London Meeting, many new papers have been published on GS. Although its
frequency in the general population is still unclear, epidemiological data have been generated that
can help establish the magnitude of the problem. Clinical studies further defined the identity of GS
and its possible implications in human disease. An overlap between the irritable bowel syndrome
(IBS) and GS has been suspected, requiring even more stringent diagnostic criteria. The first case
reports of GS in children have been described. Lack of biomarkers is still a major limitation of
clinical studies, making the differential diagnosis with other gluten related disorders, as well
conditions independent to gluten exposure, difficult.

Evaluation and discussion of this new information was the aim of a Second Expert Meeting on GS
that was held in Munich, November 30-December 2, 2012. In this paper we report the major
advances and current trends on GS, as presented and debated at the Munich meeting.
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2. Nomenclature

At least three papers have recently addressed the issue of defining gluten-related disorders [4—6].
Interestingly, one of these [4] ranks among the most frequently downloaded paper of the publishing
journal (BMC Medicine), particularly by physicians, internists or general pediatricians, and directors
of diagnostic labs. There is a general agreement that the term “gluten-related disorders” is the
umbrella-term to be used for describing all conditions related to ingestion of gluten-containing food.
CD is a chronic small intestinal, immune-mediated, enteropathy precipitated by exposure to dietary
gluten and related prolamines in genetically predisposed individuals, characterized by specific
autoantibodies against tissue transglutaminase 2 (anti-TG2) and endomysium (EMA). WA is an
adverse immunologic reaction to wheat proteins. In the pathogenesis of WA, wheat specific IgE
antibodies play a central role, however non-IgE-mediated WA does exist [7], and this form may be
difficult to distinguish from GS.

GS, which this review will focus on primarily, is a condition in which symptoms are triggered by
gluten ingestion, in the absence of celiac-specific antibodies and of classical celiac villous atrophy,
with variable Human Leukocyte Antigen (HLA) status and variable presence of first generation
anti-gliadin antibodies (AGA). The “labeling” of this disorder was a matter of debate among the
panel experts. In order to avoid confusion with CD, sometimes defined as gluten-sensitive
enteropathy, “non celiac gluten sensitivity” (NCGS) appeared as an improved definition. Doubtless
this is still too vague a terminology, simply reflecting the poor knowledge of the pathophysiology of
this condition. As triggering cereal proteins could include fractions other than gluten (see Section 10
below) some panelists were in favor of “non-celiac wheat (protein) sensitivity”, a terminology that
would however conflict with the possibility that other gluten-containing cereals (rye, barley) may be
offensive for the “gluten sensitive” patient. Bearing these limitations in mind, the experts’ panel
agreed that this entity can provisionally be defined as NCGS, a definition requiring refinement in the
future.

3. Epidemiology

The overall prevalence of NCGS in the general population is still unknown, mainly because many
patients are currently self-diagnosed and start a GFD without medical advice or consultation.
However, new data confirm that this is not an uncommon disorder at all. In a region of New Zealand,
5% of children reported non-CD-related avoidance of gluten-containing food [8]. Gluten avoidance
was associated with improvement of nonspecific behavioral and gastrointestinal complaints [9]. It
remains to be elucidated how many children reporting gluten avoidance were indeed affected by
NCGS, as the vast majority of the children involved in this study were not tested for CD nor
underwent to an intestinal biopsy. In a US study performed on 7762 unselected persons aged six
years or older who participated in the National Health and Nutrition Examination Survey
(NHANES) 2009-2010, Digiacomo ef al. found a 0.55% prevalence of persons on a self-reported
GFD. The prevalence was higher in females and older participants [10]. Many of the NHANES
subjects on a GFD could indeed be affected by NCGS, however this is likely to be an underestimate
as (a) the possible relationship between gastro-intestinal symptoms and gluten intake was not
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systematically explored in this population sample, and (b) the NHANES survey was conducted
before NCGS was described in the medical literature.

The analysis of the epidemiology of IBS provides an indirect estimate of intestinal NCGS
frequency. According to recent population-based surveys performed in Northern Europe, the
prevalence of IBS in the general adult population is 16%—25% [11,12]. In a selected (and, therefore,
probably biased) series of adults with IBS, the frequency of NCGS, documented by a double-blind,
placebo-controlled challenge, was 28% [13]. In the large study performed by Carroccio et al., 276
out of 920 (30%) subjects with IBS-like symptoms, according to the Rome II criteria, suffered from
wheat sensitivity or multiple food hypersensitivity, including wheat sensitivity [14]. Should a
consistent proportion of IBS patients be affected with NCGS, the prevalence of NCGS in the general
population could well be higher than CD (1%).

Although risk factors for NCGS have not yet been identified, the disorder seems to be
more common in females and in young/middle age adults. The prevalence of NCGS in children is
still unknown.

4. Clinical Picture and Natural History

NCGS is characterized by symptoms that usually occur soon after gluten ingestion, disappear
with gluten withdrawal and relapse following gluten challenge, within hours or few days. The
“classical” presentation of NCGS is a combination of IBS-like symptoms, including abdominal pain,
bloating, bowel habit abnormalities (either diarrhea or constipation), and systemic manifestations
such as “foggy mind”, headache, fatigue, joint and muscle pain, leg or arm numbness, dermatitis
(eczema or skin rash), depression, and anemia [2,15]. When seen at the specialty clinic, many NCGS
patients already report the causal relationship between the ingestion of gluten-containing food and
worsening of symptoms. In children, NCGS manifests with typical gastrointestinal symptoms, such
as abdominal pain and chronic diarrhea, while the extra-intestinal manifestations seem to be less
frequent, the most common extra-intestinal symptom being tiredness [16].

During the last decade, several studies suggested a relationship between NCGS and
neuropsychiatric disorders (see following paragraphs).

While it is undisputable that in some cases the positive effect of gluten withdrawal can be
explained by a placebo effect, this is not the case in true NCGS. In a double-blind randomized
placebo-controlled study design, Biesiekierski ef al. found that IBS-like symptoms of NCGS were
more frequent in the gluten-treated group (68%) than in subjects on placebo (40%) [13]. Furthermore
a recent study found no significant differences between CD and NCGS patients regarding personality
traits, level of somatization, quality of life, anxiety, and depressive symptoms. The somatization
level was low in both diseases. Additionally, symptom increase after a gluten challenge was not
related to personality in NCGS patients [17].

No major complication of untreated NCGS has so far been described; especially autoimmune
comorbidity, as observed in CD, has not been reported so far. However, natural history data
on NCGS are still lacking. Therefore it is difficult to draw firm conclusions on the outcome of
this condition.
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5. NCGS and IBS: A Complex Relationship

The complex relationship between IBS and dietary proteins has been recently reviewed [18].
Patients with CD often report symptoms compatible with IBS persisting after treatment with the
GFD. In a recent meta-analysis the pooled prevalence of IBS-type symptoms in patients with treated
CD was 38.0% (95% CI, 27.0%—-50.0%). The pooled odds ratio (OR) for IBS-type symptoms was
higher in patients with CD than in controls (5.60; 95% CI, 3.23-9.70). In patients who were
non-adherent with a GFD, the pooled OR for IBS-like symptoms, compared with those who were
strictly adherent, was 2.69 (95% CI, 0.75-9.56) [19].

That gluten ingestion may elicit gastrointestinal symptoms in non-CD patients has recently been
shown in subjects affected with the D variant (diarrhea-predominant) of IBS, by Vazquez-Roque and
coworkers. Subjects on a gluten containing diet (GCD) had more bowel movements per day,
particularly those with HLA-DQ2 and/or DQ8 genotypes. The GCD was associated with higher
small bowel permeability. Patients on the GCD had a small decrease in expression of zonula
occludens 1 in small bowel mucosa, and significant decreases in expression of zonula occludens 1,
claudin-1, and occludin in rectosigmoid mucosa; again the effects of the GCD on expression were
significantly greater in HLA-DQ2/8—positive patients. On the other hand, the GCD vs. the GFD had
no significant effects on gastrointestinal transit or histology. It was concluded that gluten alters
bowel barrier functions in patients with IBS-D, particularly in HLA-DQ2/8—positive patients. These
data provided mechanistic explanations for the observation that gluten withdrawal may improve
patient symptoms in IBS [20].

How specific the effect of gluten withdrawal from the diet of patients with IBS is, still remains to
be elucidated. Besides gluten, wheat, and wheat derivatives contain other constituents that could play
arole in triggering symptoms in IBS patients, e.g., amylase-trypsin inhibitors (ATIs, see below) and
fructans. In a second study, Biesiekirski et al. reported on 37 patients with IBS/self-reported NCGS
investigated by a double-blind crossover trial. Patients were randomly assigned to a period of
reduced low-fermentable, poorly-absorbed, short-chain carbohydrates (fermentable oligo-, di-, and
mono-saccharides and polyols = FODMAPs) diet and then placed on either a gluten or whey proteins
challenge. In all participants, gastrointestinal complaints consistently improved during reduced
FODMAP intake, but significantly worsened to a similar degree when their diets included gluten or
whey proteins [21]. FODMAPS list includes fructans, galactans, fructose, and polyols that are
contained in several foodstuffs, including wheat, vegetables, and milk derivatives. These results raise
the possibility that the positive effect of the GFD in patients with IBS is an unspecific consequence of
reducing FODMAPs intake, given that wheat is one of the possible sources of FODMAPs. However,
it should be stressed that FODMAPs cannot be entirely and exclusively responsible for the symptoms
experienced by NCGS subjects, since these patients experience a resolution of symptoms while on a
GFD despite continuing to ingest FODMAPs from other sources, like legumes (a much richer source
of FODMPs than wheat). Nevertheless, based on the results reported by Biesiekirski e al. is also
possible that there are IBS cases entirely due to FODMAPs that, therefore, cannot be classified as
affected by NCGS [21].



6. Is Autism Part of the NCGS Spectrum?

Autism Spectrum Disorders (ASD) are chronic behavioral conditions, with onset before three
years of age. ASD are one of the fastest growing developmental disabilities in the United States.
They present with a wide range of stereotyped, repetitive behaviors, social and language impairment.
Function and outcome is affected not only by core deficits but also by associated behaviors such as
hyperactivity, aggression, anxiety, and depression. Many studies have indicated that behavioral
therapy and medication may be at least partially helpful in the management of children with ASD.
Research on the effect of diet and nutrition on autism has been increasing in the past two decades,
particularly on the symptoms of hyperactivity and attention. One of the most popular interventions
for ASD is the gluten free casein free (GFCF) diet.

The possible effect of the GFCF in children with autism is not due to underlying CD, since an
association between these two conditions has never been clearly confirmed by serological
screening studies [22]. It has been hypothesized that some symptoms may be caused by opioid
peptides formed from the incomplete breakdown of foods containing gluten and casein. Increased
intestinal permeability, also referred to as the “leaky gut syndrome,” has been suspected in ASD to
be part of the chain of events that allows these peptides to cross the intestinal membrane, enter the
bloodstream, and cross the blood-brain barrier, affecting the endogenous opiate system and
neurotransmission within the nervous system. The resulting excess of opioids is thought to lead to
behaviors noted in ASD, and the removal of these substances from the diet could determine a
change in autistic behaviors [23]. The leaky gut/autism connection has fuelled a strong debate
within the scientific community, far from being settled. A recent study has reported a high
percentage of abnormal intestinal permeability test (as established by the lactulose/mannitol ratio)
among patients with autism (36.7%) and their relatives (21.2%) compared with normal subjects
(4.8%). Patients with autism on a reported GFCF diet had significantly lower intestinal
permeability test values compared with those who were on an unrestricted diet and controls [24].
However, the degree of correlation between abnormal intestinal permeability to sugars (lactulose
and mannitol) and proteins/peptides remains to be established. It should also be pointed out that, in
a pilot study, Robertson et al. did not detect any changes in intestinal permeability in a small cohort
of ASD children [25]. The finding of IgG class antibodies directed against food antigens is
considered indirect evidence of increased intestinal permeability. Children with autism have
significantly higher levels of IgG antibody (but not IgA) to gliadin compared with healthy controls,
particularly in those with gastrointestinal symptoms [26]. Recent studies confirmed these findings
and also reported an increase in antibodies directed to several other food allergens, including casein
and whole milk [27].

Despite its popularity, the efficacy of the GFCF diet in improving autistic behavior remains
not conclusively proven. A 2008 Cochrane review reported that only two small RCTs investigated
the effect of GFCF diet in children with ASD (n = 35). There were only three significant treatment
effects in favor of the diet intervention: overall autistic traits, mean difference (MD) =—5.60; social
isolation, MD = —3.20 and overall ability to communicate and interact, MD = 1.70. In addition three
outcomes were not different between the treatment and control group while differences for ten
outcomes could not be analyzed because data were skewed. The review concluded that the evidence



8

for efficacy of these diets is poor, and large scale, good quality randomized controlled trials are
needed [28].

By using a two-stage, randomized, controlled study of GFCF diet of children with ASD, Whiteley
and coworkers recently reported significant group improvements in core autistic and related behaviors
after eight and 12 months on diet. The results showed a less dramatic change between children having
been on diet for eight and children in diet for 24 months, possibly reflective of a plateau effect [29].

The above data suggest that removing gluten from the diet may positively affect the clinical
outcome in some children diagnosed with ASD, indicating that autism may be part of the spectrum of
NCGS, at least in some cases. However, a word of caution is necessary to stress the fact that only a
small, selected sub-group of children affected by ASD may benefit from an elimination diet.
Additional investigations are required in order to identify phenotypes based on best- and
non-response to dietary modifications and assess any biological correlates including anthropometry
before considering a dietary intervention.

7. Gluten-Related Disorders and Schizophrenia

An association between schizophrenia and CD was noted in reports spanning back to the
1960s [30]. In 1986 a double-blind gluten-free/gluten-load controlled trial of 24 patients conducted
by Vlissides et al. showed changes in symptom profile of schizophrenics in response to exclusion of
gluten from the diet [31]. On the other hand, a small blind study conducted by Potkin et al. showed
no differences in the clinical status of eight schizophrenic patients on a 5-week gluten challenge in an
in-patient setting, as measured by the Brief Psychiatric Rating Scale [32]. A subsequent study by
Storms et al. tested 26 schizophrenic patients on a locked ward assigned to either a gluten-free or
high gluten diet. No differences were found between the groups on their performance in a battery of
psychological tests [33]. A recent study using blood samples from the Clinical Antipsychotic Trials
of Intervention Effectiveness (CATIE) found that 5.5% of the subjects with schizophrenia had a high
level of anti-tTG antibodies (compared to 1.1% in the healthy control sample) and 23.1% had AGA
IgG positivity compared with 3.1% in controls. Interestingly enough, a large proportion of tTG
positive subjects resulted EMA negative, questioning the possibility that their tTG positivity was
related to CD. Indeed, only 2% of schizophrenic patients fulfilled the CD diagnostic criteria (both
anti-tTG and EMA positive), questioning the role of CD in schizophrenia [34]. Additional studies
revealed that most of the tTG positive subjects were tTG-6 positive, suggesting that these antibodies
are more a biomarker of neuro-inflammation than CD [35]. This study indicated the existence of a
specific immune response to gluten in some of these patients, probably related to NCGS. Other
studies confirmed the high prevalence of antibodies to AGA among people with schizophrenia [36],
however the exact mechanism underlying the observed improvement of symptoms in some patients
with the GFD has remained elusive. Immunological mechanisms have been proposed, including the
assertion that a subgroup of schizophrenics suffer from food intolerances that benefit from the
adoption of a GFD. The beneficial effect of a GFD may also be achieved via circulating food-derived
peptides (exorphins) exerting an influence on physiological processes in the brain (same mechanism
as described in the autism paragraph). If it were true that a subset of schizophrenic patients did
exhibit symptoms due to sensitivity to gluten, then not only would treatment for these individuals be
easier and more efficient than neuroleptics but also their quality of life would improve.
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In summary, the role of NCGS in conditions affecting the nervous system remains a highly
debated and controversial topic that requires additional, well-designed studies to establish the real
role of gluten as a triggering factor in these diseases.

8. Laboratory Evaluation

So far no specific biomarker of NCGS has been identified. Recently, Volta and colleagues
reported on the pattern of CD serology found in 78 untreated patients affected with NCGS. Many
patients displayed an elevated prevalence of high titer, “first-generation” IgG AGA directed against
native gliadin (56.4%). The prevalence of IgG AGA detected in NCGS, although lower than that
found in CD (81.2%), was much higher than other pathologic conditions such as connective tissue
disorders (9%) and autoimmune liver diseases (21.5%) as well as in the general population and
healthy blood donors (2%—-8%). On the other hand, the prevalence of IgA AGA in NCGS patients
was very low (7.7%). Noteworthy, the “best” CD markers, namely IgG deamidated gliadin peptide
(DGP) antibodies, IgA tTGA, and IgA EMA, were always negative in NCGS patients, except for an
isolated positivity at a very low titer for IgG DGP. The consistent negativity for [gG DGP, whose
synthesis “in vivo” is an expression of the interaction between tissue transglutaminase and gliadin
peptides, seems to exclude the involvement of adaptive immunity in NCGS pathogenesis.
Interestingly enough, ELISA activities of IgA tTGA in NCGS patients were very low with 30% of
them displaying values < 1 AU (none of them had IgA deficiency) [15].

The CD-predisposing HLA-DQ2 and DQ8 genotypes are found in 50% of NCGS patients,
a prevalence that is lower than CD (95%) and only slightly higher than the general population
(30%) [4].

In the work of Sapone and coworkers all subjects (11 patients with NCGS, 13 with CD, and
seven controls), underwent upper duodenal endoscopy for small intestinal biopsy. Those with NCGS
revealed normal to mildly inflamed mucosa (Marsh 0 to 1), while all CD patients showed partial or
subtotal villous atrophy with crypt hyperplasia. As expected, CD patients had increased numbers of
CD3+ IELs (>50/100 enterocytes) compared to controls, while NCGS patients had a number of
CD3+ IELs intermediate between CD patients and controls in the context of relatively conserved
villus architecture. The numbers of TCR-yd IELs were only elevated in CD subjects (>3.4/100
enterocytes), while in NCGS patients the numbers of yo IELs were similar to those in controls [2].
Recently, activation of circulating basophils [14] and increased infiltration of duodenal lamina
propria with eosinophils [37] have been described.

9. Diagnosis

NCGS diagnosis is sometimes suspected by the patients themselves based on food withdrawal and
introduction. Physicians may then concur if there has been the exclusion of other forms of
gluten-induced disease (CD and WA) by appropriate serological and/or biopsy tests. Specific IgE
might normalize if the patients are already on GFD and this might be a potential pitfall in diagnosis
of WA The finding that symptoms disappear after gluten elimination adds weight to the diagnosis of
NCGS, which is definitely proven by a double-blind (or open) oral gluten challenge performed after
at least three weeks of GFD.
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Based on a combination of clinical, biological, genetic and histological data, it is possible to
differentiate the three gluten-related conditions (WA, CD, and NCGS), using recently published
algorithms [4]. Since there is some degree of overlap between NCGS and other forms of
wheat-exclusion responsive conditions (e.g., IBS responsive to low FODMAPs diet, non-IgE
mediated WA), periodical patient reassessment (e.g., every 6—12 months), including an accurate
dietary interview, is strongly recommended.

10. Pathogenesis

The pathophysiology of NCGS is under scrutiny. In the study conducted by Sapone et al. [2],
NCGS subjects showed a normal intestinal permeability and claudin-1 and ZO-1 expression
compared with celiac patients, and a significantly higher expression of claudin-4. In the same NCGS
patients, the up-regulation of claudin-4 was associated with an increased expression of toll-like
receptor-2 and a significant reduction of T-regulatory cell marker FoxP3 relative to controls and CD
patients. Additionally, an increase in IELs of the classes o and B, but no increase in adaptive
immunity-related gut mucosal gene expression, including interleukin (IL)-6, IL-21, and interferon-y
(IFN-y), was detected in NCGS. These changes suggested an important role of the intestinal innate
immune system in NCGS, without any involvement of the adaptive immune response. In a study
aimed at exploring and comparing the early mucosal immunological events in CD and NCGS,
Brottveit et al. confirmed that CD patients mounted a concomitant innate and adaptive immune
response to gluten challenge. NCGS patients only showed increased IFN-y levels after gluten
challenge and increased density of intraepithelial CD3(+) T cells at baseline [38]. These findings
open the possibility of an adaptive component as well in the pathogenesis of NCGS.

The trigger/s of mucosal events leading to NCGS is not necessarily represented by the same array
of gluten peptides responsible for CD development. Unlike the duodenal mucosa from patients with
CD, upon incubation with gliadin, mucosa from patients with NCGS does not express markers of
inflammation, and their basophils are not activated by gliadin [39]. In vitro studies suggest that wheat
ATlIs could play a major role as triggers of the innate immune response in intestinal monocytes,
macrophages and dendritic cells eventually leading to NCGS. Wheat ATIs are a family of five or
more homologous low-molecular-weight proteins highly resistant to intestinal proteolysis. They are
known to be the major allergen responsible for baker’s asthma. ATIs engage the TLR4-MD2-CD14
complex and lead to up-regulation of maturation markers and elicit release of pro-inflammatory
cytokines in cells from celiac and non-celiac patients and in celiac patients’ biopsies [40].

11. Current and Future Trends

The vast majority of celiac experts initially reacted with a great deal of skepticism to the concept
of NCGS existence and the fact that it was a separate entity from CD. For those that witnessed the
initial struggle of convincing health care professionals that CD was not confined within European
boundaries this was a déja vu. Indeed, we are now with NCGS where we probably were with CD
forty years ago. In the 1980s we knew that CD existed, but we had little information on the
mechanisms leading to the enteropathy, the genetic component of the disease, what kind of immune
response was involved in the pathogenesis of the disease, its multifaceted clinical presentation, and
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its complication. We lacked robust screening tools to conduct well-design epidemiological studies
and had little understanding on the most appropriate management of the disease and its
complications. The confusion about NCGS stems from the few facts, and the many fantasies,
currently available on this topic. The best testimonial of this concept is the comparison of the
literature published on both conditions during the past 63 years. The publications on CD doubled
every 20 years from approximately 2500 in the period of 1950-70 to ~9500 in the period 1991-2010,
with already more than 2000 papers published between 2011 and 2013. Conversely, there were
almost no scientific reports on NCGS before 1970 and only a handful number of papers have been
published ever since, most of them after 2005. The increase interest in NCGS is testified by the
decreased NCGS/CD publication ratio that dropped from 1:438 in the period 1950-70 to 1:10 in the
period 201013 (Table 1).

Table 1. Trends in publication on celiac disease (CD) and non-celiac gluten sensitivity
(NCGS) during the last decades.

Timeline CD NCGS NCGS/CD ratio
1950-1970 2632 6 1:438
1971-1990 4915 118 1:43
1991-2010 9498 733 1:13
2011-2013 2014 188 1:10

Given the limited literature on the topic, it should not come as a surprise that there are still
numerous questions about NCGS that should be addressed. Is NCGS permanent or transitory? Is the
threshold of sensitivity the same for everybody, or change from subject to subject and in the same
subject over time? How frequent is NCGS? The range reported in the literature is between 0.5% and
6%, based on poorly conducted studies and on definitions of the disease that varies widely from one
report to another. Only recently, well-conducted studies based on double blind, placebo control
design are providing evidence-based data on the prevalence of NCGS in specific clinical conditions,
particularly IBS [13]. There is the strong need for more coordinated efforts to perform large
multicenter studies for those conditions, including autism and schizophrenia, in which NCGS has
been indicated as a possible cause in a subgroup of these patients. The lack of validated biomarkers
for a diagnosis not based on exclusion criteria is judged to be of paramount importance by many
experts in the field. Currently a large multicenter placebo-controlled study is underway to achieve
this goal and, hopefully, will provide tools for a more correct diagnosis and for more rigorous studies
to establish the prevalence of NCGS in specific conditions and in the general population. Recent
studies raised the possibility that, beside gluten [13] and wheat ATIs [40], low-fermentable,
poorly-absorbed, short-chain carbohydrates [21] can contribute to symptoms (at least those related to
IBS) experienced by NCGS patients. These new findings need corroboration through additional
studies involving larger numbers of subjects. If these studies will confirm these new findings, they
will probably prompt a change in nomenclature from NCGS to wheat sensitivity to reflect the fact
that, beside gluten, other components of wheat may be responsible for the symptoms reported by
NCGS patients.
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Abstract: The aim of this review was to identify, evaluate and summarize all relevant
studies reporting on the clinical response to gluten challenge by adult or pediatric
patients with suspected or diagnosed coeliac disease (CD) on a gluten-free diet. We
evaluated the effect of gluten challenge on changes in symptoms, intestinal mucosa
histology, and serum antibodies. A systematic electronic search was performed for
studies published as of 1966 using PubMed and Scopus databases. In the reviewed
studies, doses ranged from 0.2 to 30 g/day of wheat gluten or comprised a
gluten-containing diet. The onset of symptoms upon gluten intake varied largely from
days to months and did not parallel serum antibody or histological changes. Within 3
months of gluten challenge, 70%—-100% of pediatric CD patients became positive for
AGA-IgA and EMA-IgA antibodies and 50%—-70% for AGA-IgG. A limited number of
trials suggest that no more than half of adult patients developed positive AGA-IgA,
EMA-IgA, tTG-IgA or DGP-IgA/IgG titers. Approximately 50%—100% of pediatric and
adult patients experienced mucosal relapse of gluten provocation within 3 months, which
was preceded by increased mucosal intra-epithelial lymphocytes within several days of
challenge. A 3-month high-dose gluten challenge should be suitable to diagnose the
majority of CD patients. In some cases prolonged challenge may be needed to verify
diagnosis. Combination testing for antibodies and mucosal histology may fasten
the diagnosis.

Keywords: gluten challenge; coeliac disease; diagnosis

1. Introduction

Significant health complications may occur when coeliac patients remain on a normal
gluten-containing diet. Diagnosis of coeliac disease (CD) should accurately be established before
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starting a person on a livelong gluten-free diet. In children and adults, diagnostic testing includes
blood HLA-DQ2 and HLA-DQS testing, histological examination of small-intestinal biopsies and
serum CD-specific antibodies [1-7]. The diagnosis is confirmed by decline in antibody levels after
the exclusion of gluten from the diet. Clinical improvement and histological remission are also
supportive clinical endpoint to confirm the disease. Gluten challenge is not necessary, except under
unusual circumstances [4] where doubt exists about the initial diagnosis; for example, when the
patient is on a gluten-free diet or presents with antibodies or complaints but, nonetheless, normal
histology. Moreover, failure to respond to a gluten-free diet may raise doubt regarding the initial
diagnosis. Examination of mucosal biopsy, however, involves a potential risk of misdiagnosis since
it is subject to large method variability [8,9] and moderate-to-poor inter- and intra-observer
reproducibility has been shown [ 10—12]. Unfortunately, histological findings in CD are characteristic
but not specific as several disorders can produce comparable histopathological changes [13]. Over
recent years, more reliable, specific and sensitive serological diagnostic tests and markers have
become available. Small bowel histology remains the gold standard for diagnosis. Symptomatic
relapse is not sufficient for a diagnosis of coeliac disease in isolation. Particularly in children in
whom the initial biopsy was performed before two years of age, a gluten challenge may be necessary
because of the risk of misdiagnosis due to confusion with other causes of enteropathy at this age [3].
In patients suspected of CD and following a gluten-free diet, diagnosis may be confirmed
by reintroduction of gluten into the diet or by an oral gluten challenge followed by clinical
relapse [3,4,7,14].

Currently, the monitoring of parameters during a gluten challenge is largely empirical,
particularly in those patients who remain asymptomatic, and the optimum duration and dose of a
gluten challenge has not been established yet. Some guidelines propose a gluten diet/challenge until
relapse, even for up to 2 years or longer if patients remain symptom free. The ESPGHAN guidelines
recommend that daily gluten intake during gluten challenge should contain at least the normal
amount of gluten intake for children (approximately 15 g/day) [4,15]. There is considerable
inter-individual variability of clinical presentation among patients with CD [16,17] but also in
clinical response time to gluten intake [17]. The large variability and lack of predictability in the
response time and severity to gluten complicate defining recommendations regarding the duration
and dose of necessary gluten challenge in the diagnostic setting as well as the clinical trial setting.

A standardized approach regarding the amount and duration of dietary gluten necessary to
provoke a clinical response in children and adults could provide guidance to physicians and
investigators. Therefore, the aim of this article was to perform a review of the literature reporting on
the course of the clinical symptoms, serum CD autoantibodies, and intestinal histological changes in
response to a gluten challenge in children and adults with diagnosed or suspected CD.

2. Method

The data sources used for this systematic review of references published between 1966 and July
2013 included PubMed and Scopus. Only publications in English were included. We included
studies that evaluated the effect of oral gluten challenge in individuals with CD on clinical
parameters, i.e., CD-specific antibodies, histology of small bowel mucosa biopsies, symptoms, and
urinary sugar absorption test. We reviewed the studies that described the effect of a gluten challenge
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on clinical relapse in order to confirm diagnosis of CD in children or adults with diagnosed and/or
suspected CD. We also extracted valuable information of patients receiving a gluten challenge in the
placebo arm of clinical trials testing CD-related therapies. Gluten challenge studies with the aim to
determine the safe threshold of prolonged exposure to trace amounts of gluten were beyond the scope
of this paper. Studies reporting on positive anti-gliadin antibodies (AGA), anti-endomysial
antibodies (EMA), anti-tissue transglutaminase antibodies (tTG), and anti-deaminated gliadin
peptide antibodies (DGP) were included. Anti-reticulin antibodies were not reviewed as this test has
nowadays been replaced by the more reliable AGA test. While AGA antibodies have been in use for
several decades. However, there is a wide variability in their diagnostic accuracy and both AGA-IgA
and AGA-IgG have sensitivities and specificities inferior to tTG-IgA and DGP-IgA and are no
longer included in the routine testing strategy for CD [5]. Positivity for CD-specific antibodies was
defined as concentrations above the assay cutoff value, which varied among assays used in the
different studies. The definition of abnormal mucosa histology of small bowel biopsies also varied
depending on the biopsy rating scores used (e.g., villous height to crypt depth ratio, Marsh scores).
Clinical symptoms in most studies comprised CD-specific symptoms including vomiting, abdominal
pain or distension, obstipation, diarrhea, fatty or loose stool, anorexia, weight loss, and growth
failure. Only in the summary table we specified whether symptoms constituted mild, moderate or
severe symptoms. Studies that were excluded were studies investigating a single-dose gluten
challenge, studies investigating oat challenge, rectal gluten challenge, transamidated, hydrolyzed or
digested gluten, gluten-specific peptides, and ex-vivo studies. Since gluten intake at baseline is likely
to influence the response to a gluten challenge, we excluded studies in which patients were on a
normal gluten-containing diet or had positive baseline autoantibodies at start. Trials were categorized
into trials enrolling pediatric or adult patients with mean age below 18 years or 18 years and older,
respectively. Moreover, less patients suspected of having CD can be expected to respond to gluten
than patients with a confirmed diagnosis of CD. Therefore, we classified trials according to
“confirmed diagnosis based on a biopsy in the past”, or “diagnosed based on inadequate grounds”
referring to as “suspected CD”. If possibly, results were reported separately for subgroups of patients
with diagnosed and suspected CD in one study. When the amount of dietary gluten in bread was not
reported [ 18-20], we estimated the gluten content, assuming that a slice of bread weighs 25-30 g and
contains 8—11 g/100 g of protein [15,21], which corresponds to approximately 2-3 g of gluten [7,22].
In some studies the gluten dose was expressed per kg of body weight. If body weight was not given,
estimates were based on WHO child growth charts [23].

3. Results

Table 1 gives an overview of the included studies. In total, the following studies were identified
that investigated the clinical effect of dietary gluten challenge; 16 trials with pediatric patients
with biopsy-diagnosed CD, 13 trials with pediatric patients with suspected CD, 11 trials with
biopsy-diagnosed adult CD patients and 3 with adolescent or adul Maaike J. t patients suspected of
having CD. Of the eleven trials with diagnosed adult patients, five reported on the clinical response
to a placebo as part of a clinical intervention study [24-29]. In the studies included, a gluten
challenge consisted of a gluten-containing diet, wheat-derived food products, wheat flour, or wheat
gluten powder. The gluten doses ranged from 0.2 to 30 g/day and duration from 1 day to 8 years.
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3.1. CD-Specific Symptoms in Pediatric Patients with Diagnosed or Suspected CD

The response rates and onset of symptoms throughout the course of gluten challenge in the
different studies was highly variable (Table 1); when a gluten-containing diet was given to children
with diagnosed CD, 4% of them developed symptoms within 1-2 of weeks [30]. At least 10 g/day of
gluten caused symptoms in 13% of children within 12 h [31], 33% of children within 4 weeks of
gluten challenge [32], and 60% of children within 3-months of challenge [33]. When given a
gluten-containing diet or 3—15 g/day of gluten, 32% of children experienced symptoms within 4-5
months [34]. Smaller amounts of about 2 g/day of gluten caused symptoms in 4% children on the
fourth day and in 25% of children after 6 months [18].

In children with suspected CD, a gluten-containing diet induced symptoms in about 26%—33% of
children within between a few days to 13 months of gluten challenge [35,36], a gluten challenge of at
least 10 g/day caused symptoms in approximately 24%42% of children from 4 weeks to
several [32,37-39] months of challenge, only few patients reported severe symptoms during gluten
challenge [38]. A gluten-containing diet providing 5 to 15 g/day of gliadin caused symptoms in 59%
of children within 45 days of challenge [40]. About 32% of adolescents with diagnosed or suspected
CD who received at least 10 g/day of gluten for 2.4 months to 2 years experienced abdominal symptoms
at the time of appearance of antireticulin-IgA [41]. In 70% of the cases, the mucosa relapsed before
any symptoms had occurred [41]. Lower doses of 0.2—4.3 g/day of gluten, surprisingly triggered
symptoms in 79% and 96% of children within 4 and 15 weeks, respectively [42]. No correlation was
observed between time of appearance of symptoms and positive antibodies.

Summarizing, in most studies only few children with diagnosed or suspected CD respond by
symptoms to a low or high gluten dose during the first 2 weeks. During prolonged low or high dose
gluten challenge 24%-42% of children may experience symptoms, although in three studies higher
response rates were reported of 60% [33,40], and even 96% [42]. Large variability exists in time of
onset of symptoms during gluten challenge: symptoms appear almost immediately in some children
while some do not develop symptoms until several months of challenge or develop no symptoms at
all. Symptoms are generally mild to moderate. Some studies indicated that clinical symptoms are a
very unreliable indicator of antibody response and mucosal relapse [34,41,42].
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3.2. CD-Specific Symptoms in Adults with Diagnosed or Suspected CD

In three studies, effects were reported of gluten challenge on symptoms in diagnosed or suspected
adult or adolescent CD patients [54,59,62]. In five clinical trials [25-28,58], the effects of gluten
challenge given to diagnosed adult patients in the placebo arm were reported. Reintroduction of a
gluten-containing diet induced gastrointestinal symptoms in 77% of patients suspected of CD
between 1 and 8 months of challenge and CD was confirmed in 40% of these patients [62]. The
diagnosis CD was nevertheless confirmed in 65% of the 33% patients who did not develop
symptoms. Symptoms occurred in 67% of patients with confirmed diagnosis of CD. When diagnosed
or suspected CD patients received 7 to 10 g/day of gluten, 43% [58] and 67% [59] reported
symptoms within two weeks of challenge. Within 3 months 84% had experienced symptoms [59].
Most symptoms occurred after one week of challenge [59]. After a 2-week and 6-week challenge
period with about 2.5 g/day of gluten three times daily, about 50% of patients [28] and 80% of
patients [27] reported complaints, respectively. The severity of symptoms increased after 2 weeks
[27,28] reaching a plateau at 3 weeks [27]. When diagnosed CD patients received a low (1-3 g/day)
or a high (3—5 g/day) dose of gluten, 64% and 80% of them, respectively, reported symptoms within
3 months [54]. A 2-week challenge of ~1.3 g/day of gluten triggered symptoms in 66% of patients
the following 12 weeks; about 33% had more than five episodes of moderate to severe symptoms
[25].

In summary, the number of adult patients reporting symptoms as well as the severity of symptoms
may increase throughout gluten challenge. Within 3 months of gluten challenge, about 64%—-80% of
adult patients can be expected to experience symptoms. A proportion of patients with CD may never
develop symptoms during gluten challenge. The onset of symptoms is rather unpredictable. The
appearance of symptoms during gluten challenge is no indicator of CD.

3.3. Antibodies in Pediatric Patients with Diagnosed or Suspected CD
3.3.1. AGA-IgA and AGA-IgG Antibodies

Figure 1 illustrates the time course of children with diagnosed or suspected CD responding to a
gluten challenge by positive AGA-IgA antibodies.

The proportion of children with diagnosed or suspected CD responding to gluten challenge by
AGA-IgA antibodies varied widely. After 2 weeks, about 30% to 78% of children had responded to a
challenge providing 3 to 15 g/day of gluten [20,31,44,63,64]. After 2 to 3 months of challenge with 4
to 14 g/day of gluten, about 70%—100% of children showed positive AGA-IgA antibodies in their
serum [20,44,46,63,64]. No clear dose-response effect was observed between the different studies. In
two studies with a low dose of gluten (0.2—4.3 g/day), the percentage of children responding by
AGA-IgA was 90% [50] or 75% after 2 months [42]. Within 10 months to 1 year, 73%—-90% of
children had developed AGA-IgA antibodies [30,35,46]. Interestingly, the percentage of CD
children with AGA-IgA was highest (97%) after a gluten consumption period of about 1 to 3 months
and decreases thereafter to 85% at 1 year, and 49% after 3 years or more of gluten intake [46].
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Figure 1. Percentage of pediatric patients with diagnosed or suspected coeliac disease
(CD) showing an anti-gliadin antibodies (AGA)-IgA response to gluten over time.
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Figure 2 shows the proportion of diagnosed or suspected CD children responding with positive

AGA-IgG antibodies to a gluten challenge.

Figure 2. Percentage of pediatric patients with diagnosed or suspected CD showing an

AGA-IgG response to gluten over time.
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Whereas most studies showed less children responding by AGA-IgG than by AGA-IgA
throughout the course of gluten challenge [41,42,44,63], two studies showed similar response rates
by AGA-IgA and AGA-IgG [31,39]. When children with CD were given a gluten-containing diet or
10 to 14 g/day of gluten, AGA-IgG rose significantly in 15% [44] or 65% [31] of children within 2
weeks and in 71%—100% of children within 3 months of challenge [39,44]. In two studies in which
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children received 10 g/day [63] or 0.2—4.3 g/day [42] of gluten, only 25% and 5% of children had
responded by AGA-IgA after 2 months of gluten challenge, respectively.

3.3.2. EMA-IgA Antibodies

Figure 3 summarizes the proportion of children with diagnosed or suspected CD developing
positive EMA-IgA during gluten challenge.

Figure 3. Percentage of pediatric patients with diagnosed or suspected CD showing an
anti-endomysial antibodies (EMA)-IgA response to gluten over time.
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In a number of trials with children with diagnosed or suspected CD, results on serum EMA-IgA levels
were reported during gluten challenge doses from 0.2 to 15 g/day of gluten or a gluten-containing
diet. After 2 weeks of challenge, 35% to 59% of children showed positive EMA-IgA
antibodies [20,36,40,42,44,46,63—65], 65% to 77% of children after 1 month [42,51,63],
between 63% and 100% of children became EMA-IgA positive between 2 and 3
months [20,36,38,40,42,44,46,51], while 84% to 93% of children had become positive from
6 months to 3 years of challenge [38,46,63]. Even small gluten amounts caused relapse by
EMA-IgA [42]. There was no clear difference in time to EMA-IgA positivity between the different
gluten doses.

3.3.3. tTG-IgA Antibodies

In one study, diagnosed CD children received 4-9 g/day of gluten [20]; positive tTG-IgA levels
were detected in 45% and 89% of children within 2 and 12 weeks, respectively.

3.3.4. Antibodies in Pediatric Patients: Summary

In summary, the time it takes for children to relapse by antibodies with a gluten challenge is variable.
Moderate-to-high gluten challenge doses given to children with diagnosed or suspected CD increased
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AGA-IgA, AGA-IgG and EMA-IgA to positive levels within the first few weeks. Within 3 months of
challenge, the majority of children had developed AGA-IgA, AGA-IgG, EMA-IgA or tTG-IgA
antibodies. Only few children relapsed by AGA-IgA, AGA-IgG and EMA-IgA after 1 year. No clear
difference in relapse rate to gluten was observed between children with diagnosed and suspected CD.
Conversion of AGA-IgA positive to negative tests has been reported to occur in some patients.

3.4. Antibodies in Adult Patients with Diagnosed or Suspected CD
3.4.1. AGA-IgA and EMA-IgA Antibodies

In four trials, AGA-IgA antibody titers in gluten-challenged adult patients with suspected or
diagnosed CD were reported [26,29,55,60]. The AGA-IgA titers increased in 14% of diagnosed
patients in the placebo arm after a 2-week 7 g/day gluten challenge [58] and in 85% of diagnosed
patients receiving 2.5-5 g/day of gluten for up to 14 months [55]. Increased AGA-IgA was observed
in 22% of borderline patients receiving 30 g/day on top of a normal diet for up to 2 months [60],
None of the diagnosed CD patients receiving 16 or 7 g/day of gluten developed positive EMA-IgA
antibodies within 2 weeks [29,58]. In borderline patients, 17% became EMA-IgA positive after a
2-month very high-dose gluten challenge [60].

3.4.2. tTG-IgA and DGP-IgA/IgG Antibodies
Figure 4 shows diagnosed adult CD patients responding by tTG-IgA throughout gluten challenge.

Figure 4. Percentage of adult patients with diagnosed CD showing a tTG-IgA response
to gluten over time.
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The effects of gluten challenge on tTG-IgA titers in diagnosed adult CD patients were reported
either [24—29] or not [54] as part of a clinical trial. No positive tTG-IgA antibodies were observed at
day 6 post-challenge in any of the diagnosed CD patients receiving 16 g of gluten for 3 days [26].
After a 2-week challenge with a dose from 1.3 to 7.6 g/day of gluten, tTG-IgA increased in 0% to 25% of
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adult diagnosed CD patients [24,25,28,29]. Longer gluten challenge form 6 weeks to 3 months
increased the proportion of tTG-IgA-positive patients to 30%—-43% [27,54]. A 3-day gluten challenge
of 16 g/day did not increase DGP-IgA/IgG titers at day 6 [26], but 3 or 7.5 g/day induced
positive DGP-IgA/IgG titers in 30% of diagnosed patients within two weeks and 45% the following
two weeks [24].

3.4.3. Antibodies in Adult Patients: Summary

In summary, few diagnosed CD patients responded by AGA-IgA, EMA-IgA, tTG-IgA, or
DGP-IgA/IgG antibodies after 2 weeks of gluten challenge. Within 6 weeks to 3 months of gluten
challenge, still no more than 50% of patients became positive for these antibodies.

3.5. Mucosal Immunohistology in Pediatric Patients with Diagnosed or Suspected CD
3.5.1. Mucosal IEL

When children with diagnosed or suspected CD received 5 to 25 g/day of gluten, 91% to 100% of
them developed increased mucosal IEL within 1 to 2 months [40,42,43,45,50]. Within 3 months of
gluten challenge with 10 g/day, all children with suspected CD showed increased mucosal IEL
counts [49]. In one study less children, 16% to 25%, responded with increased IEL within 3 months
of about 6 g/day of gluten challenge [20,44]. The authors of one study found that the gluten intake
dose strongly correlated with the degree of inflammation in the biopsy, as expressed by IEL [42]. A
gluten challenge increased IEL in mucosal biopsies before histological changes occurred.

3.5.2. Mucosal Histology

Figure 5 gives an overview of children with diagnosed or suspected CD developing changes in
mucosal morphology throughout gluten challenge.

The proportion of children with diagnosed or suspected CD having abnormal mucosal
histology gradually increased during the course of gluten challenge. Only 7% of children with
diagnosed CD developed mucosal lesions after 1 week when a gluten challenge of 2-3 g/day of
gluten was given [18]. However, when doses of 3 to 20 g/day of gluten were given, the proportion of
children developing an abnormal small bowel mucosal histology scores within 1 month ranged from
72% to 100% [43,46,64]. Mucosal relapse rates after 2 to 3 months of challenge ranged between 51%
and 100% [31-33,36,39,49,64]. After 5 months to 2 years of gluten challenge, the majority of
children have relapsed by mucosal abnormalities, with relapse rates of 79% to 100% reported in the
different studies [18,19,31,33,34,41,42,46,48,49,52]. After 1 year low-dose gluten challenge (0.2 to
4.3 g/day gluten), the proportion of children showing abnormal small bowel mucosal histology
scores did not differ from those receiving a higher dose challenge (5 g/day or higher). For some
children it took 2 or even 8 years to relapse on gluten [48]. As expected, the intestinal mucosa relapse
rate was higher in diagnosed than in suspected patients: within 3 months of gluten intake,
respectively, about 60% and 80% had relapsed.
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Figure 5. Percentage of pediatric patients with diagnosed or suspected CD showing
histological response to gluten over time.
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3.5.3. Mucosal Immunohistology: Summary

In summary, within 1 month of gluten exposure, mucosal IEL counts were increased in almost all
children with diagnosed or suspected CD. The percentage of children developing moderate to severe
mucosal histological abnormalities within 2 to 3 months of gluten challenge ranged between
51%—-100%. When child patients are biopsied after one week of challenge, only a minority show
morphological relapse. The majority of children will have relapsed after 2 to 3 months of challenge,
and only few children relapse thereafter.

3.6. Mucosal Immunohistology in Adult Patients with Diagnosed or Suspected CD
3.6.1. Mucosal IEL

A single 25-g gluten challenge given to adult patients with proven CD increased IEL in the
mucosal biopsy as soon as 2448 h following challenge [49]. A one-week 10 to 20 g
gluten-containing diet increased IEL density in the mucosal biopsy of all patients [49,57]. Lower
gluten doses (3—7.6 g/day) also increased mucosal IEL of patients within 2 weeks [24]. Gluten
challenges of 10-25 g/day increased mucosal IEL counts in 95% to 100% of adult or adolescent
patients with diagnosed or suspected CD within 1 to 2 months [59], and 3 to 14-months [55,59].
Increased IEL were found in 55% and 80% of diagnosed CD patients receiving, respectively, 1-3
g/day and 3-5 g/day of gluten for 3 months [54].
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3.6.2. Mucosal Histology

Figure 6 illustrates the proportion of adult diagnosed or suspected CD patients responding by
abnormal small bowel mucosal histology throughout a gluten challenge.

Figure 6. Percentage of adult patients with diagnosed or suspected CD showing
histological response to gluten over time.
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Increased biopsy Marsh scores were observed in 23% of diagnosed CD patients receiving 40
g/day of gluten for 3 days [56], and in 70% of diagnosed CD patients receiving 16 g/day of gluten
for 5 days [57]. Gluten doses between 1 and 7 g/day induced abnormal histology scores in 23% to
68% of adult diagnosed CD patients within 2 weeks [24,25,29], and 67% of patients within 3 months
[54]. In adolescents and adult patients with suspected CD, 10 g/day of gluten triggered mucosal
relapse in 56% and 95% of them within 2 months, and 95% and 100% of them within 1 year,
respectively [59]. Less patients with borderline CD may respond to gluten; 32% showed abnormal
histology scores within 2 months of high-dose gluten challenge [60].

3.6.3. Mucosal tTGA-IgA Deposits

A gluten challenge of at least 15 g/day for 6 months induced positive tTGA-specific mucosal IgA
deposits in 24% of suspected CD patients [61].

3.6.4. Mucosal Immunohistology: Summary

In summary, the results of gluten challenge on mucosal histology in adult patients are variable.
More than two weeks of high-dose gluten challenge may be required to induce small intestinal
mucosal morphology changes in the majority of patients. However, IEL can appear as early as 1 to
2 days after gluten challenge with increased counts in all patients after 4 weeks. Mucosal tTGA-IgA
deposits is another marker appearing in the majority of patients within 2 weeks of challenge.
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4. Discussion
4.1. Strength and Weaknesses

To our knowledge, this is the first review giving an overview of gluten challenge studies in
patients suffering from CD or suspected of having CD and the consequences on symptoms, mucosal
damage and CD-specific antibodies. In this review, we excluded studies with patients who were on a
regular gluten diet at the time of challenge, as their response to gluten may be lower and not
representative for patients on a gluten-free diet. This review has, however, several limitations. The
gluten challenges used in all studies were wheat-derived and hence, findings relate to wheat gluten.
There is very limited data looking at the effect of barley hordein or rye secalin on CD outcomes in the
published literature (e.g., [66,67]), but evidence exists that these prolamins induce effects different to
wheat gluten, at least at an immunologic level. Moreover, the quoted gluten amounts in the
publications were mostly estimates and probably not accurate. In a few studies, gluten amounts were
analyzed by R5 ELISA probably providing better estimates. Although several studies looked at the
effect of gluten challenge in pediatric patients, the number of studies with adult patients is limited.
The clinical response to gluten is most likely larger in diagnosed CD patients than in patients
suspected of having CD in whom part may not have CD. Nevertheless, the results for both groups
were combined in the figures. Furthermore, the participants in the different studies convey a
heterogeneous group with respect to age, gluten dose, and time on a gluten-free diet, and criteria for
diagnosis and are therefore difficult to compare. Also methodologies for measurement of antibodies,
biopsies, and histology were different including the cutoff levels used to define antibody or
histological positivity. Another limitation is that in most studies in the seventies to nineties,
AGA-IgA and AGA-IgG antibodies were most commonly measured. However, particularly
AGA-IgA has a poor sensitivity compared to newer antibodies such as EMA-IgA, tTG-IgA, and
DGP-IgA/IgG which may have resulted in an underestimation of the patients responding to gluten by
positive AGA-IgA titers.

4.2. Occurrence of Symptoms in Response to Gluten

Until recently, no proper guidelines for categorizing symptoms were available, making it
difficult to compare the symptoms reported in the different studies. Moreover, symptoms in response
to gluten are not CD-specific as approximately half of non-coeliac patients also show exacerbation
of symptoms during gluten challenge [62]. Gastrointestinal symptoms are not specific for CD.
The predictive value of symptoms after gluten re-introduction or gluten challenge is very
low [34,38,39,41,62]. In one study the positive predictive value of symptoms for having CD was
52% [62]. In diagnosed adult patients, the symptom response rate seems to range somewhere
between 65% and 85% [26,59] and most symptoms seem to occur within 1 to 2 weeks [26,59]. Less
children (24%—42%) than adults (64%—-80%) reported symptoms throughout prolonged gluten
challenge but this may strongly depend on the methodology used in the different studies.

In summary, symptoms upon gluten challenge are hard to predict and have low positive predictive
value. Recently, a validated disease-specific symptom index for coeliac disease was developed, but it
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remains to be established whether this can be used as an independent outcome measure for the
monitoring of coeliac disease [68].

4.3. Occurrence of Antibodies in Response to Gluten

The CD-specific antibody and mucosal response is more predictable than the appearance of
symptoms. Nevertheless, considerable variation between patients exists in the time to serological
relapse on gluten [17]. On average, about 70%—100% of diagnosed pediatric CD patients given a
moderate to high-dose gluten challenge will have responded by AGA-IgA, EMA-IgA, and tTG-IgA
antibodies within 3 months of moderate-to-high gluten intake. Less children responded to gluten by
AGA-IgG than by AGA-IgA. Compared to diagnosed patients, slightly less patients suspected of CD
developed positive antibodies, but the majority had responded by 3 months. Also low dose prolonged
gluten challenge caused serological or histological relapse in children with (suspected) CD [25,69]. In
these studies, mucosal changes to gluten correlated with the gluten dose given, suggesting a
dose-dependent response to gluten. Histological relapse occurred faster in children receiving a larger
gluten dose in children with diagnosed CD [51,70], also suggesting a dose-response effect. Therefore,
when testing serological antibodies during gluten challenge of approximately 15 g/day on a 3 to
6 monthly basis as recommended by the current ESPGHAN recommendations [4], most cases of
CD should be detected. While the majority relapses in three months, for a few patients it may take
longer to relapse, and in rare cases it may take years to relapse. Conversion to antibody negativity
during prolonged gluten intake has been reported, suggesting that in rare cases gluten tolerance may
develop [46,71].

In adult patients, the few available studies suggest that no more than half of the patients develop
positive serum antibodies (AGA-IgA, EMA-IgA, tTG-IgA, and DGP-IgA/IgG) in response to a
6-week to 3-month gluten challenge. The few available studies suggest that the AGA-IgA and
EMA-IgA response rates of adult CD patients to high-dose gluten challenge was very low. This
suggests a lower response in diagnosed adult than pediatric patients. Whether this lower antibody

responsiveness to gluten in adults is due to a longer period of gluten withdrawal remains to be
established.

4.4. Occurrence of Histological Changes in Response to Gluten

About 50% to 100% of children with diagnosed or suspected CD developed moderate to severe
mucosal histological abnormalities within 2 to 3 months of gluten challenge. Comparable response
rates were reported for adult patients. As can be expected, the average 3-month relapse rate in
patients with diagnosed CD was generally higher than those with suspected CD. Some patients may
still show histological relapse on gluten challenge continuing up to 1 or 2 years.

The earliest stages of gluten challenge include increased density of IEL in the mucosa, crypt
hyperplasia, and finally, the development of villous atrophy [72], which was confirmed by the
reviewed data. The gluten challenge studies showed that mucosal IEL infiltrates respond fast to
gluten (days to weeks) whereas the CD-associated antibodies and mucosal morphological
deterioration appeared later within weeks to years. In some studies, relapse by abnormal histology of
the small bowel biopsy paralleled positive antibodies [38,40,41,51]. In other studies, antibodies and
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primarily AGA-IgA preceded the worsening of mucosal histology [30,31,39,46] whereas in one
study the mucosal changes preceded serum EMA-IgA positivity during gluten challenge [36]. The
AGA-IgA antibodies may appear earlier than EMA-IgA during gluten challenge [37,46]. Both in
adults and children, symptoms were unpredictable and did not coincide with histological or
serological relapse. Within one month of gluten challenge, serological and histological relapse does
not occur in all cases during challenge [31,32]. In contrast, increased mucosal IEL were reported in
almost all diagnosed pediatric and adult patients within 1 month of gluten challenge [43,45,49,53].
High IEL counts in the mucosa are therefore a fast and sensitive marker of responsiveness to gluten
although not specific for CD [42,73—75]. In addition, mucosal tTG-IgA deposits are considered to
appear rapidly in response to gluten and are both a sensitive and specific marker of early stage CD
present in biopsy samples with normal mucosal architecture [61,76]. Although not reviewed in this
paper, tetramer staining of gluten-specific T-cells may be supportive in the diagnosis of CD due to
the fast appearance after start of a gluten challenge [77].

5. Conclusions

To diagnose pediatric patients with suspected CD on a gluten-free diet, a moderate-to-high dose
gluten challenge for up to 3 months should be sufficient to induce changes in mucosal histology and
antibodies in the majority of patients. In adults on a gluten-free diet, histological and serological
relapse rates to gluten may be slower and prolonged challenge may be considered if no relapse is
observed. Moreover, testing for combinations of conventional and new early markers with high
sensitivity and specificity will significantly shorten the time of gluten challenge to diagnose CD.
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Abstract: The presence of unique carbohydrate structures in the glycocalyx/mucous
layer of the intestine may be involved in a susceptibility to celiac disease (CD) by serving
as attachment sites for bacteria. This host-microbiota interaction may influence the
development of CD and possibly other diseases with autoimmune components. We
examined duodenal biopsies from a total of 30 children, of which 10 had both celiac
disease (CD) and type 1 diabetes (T1D); 10 had CD alone; and 10 were suspected of
having gastrointestinal disease, but had normal duodenal histology (non-CD controls).
Patients with both CD and T1D were examined before and after remission following a
gluten-free diet. We performed lectin histochemistry using peanut agglutinin (PNA) and
Ulex europaeus agglutinin (UEA) staining for Gal-f(1,3)-GalNAc and Fucal-2Gal-R,
respectively, of the glycocalyx/mucous layer. The staining was scored based on
dissemination of stained structures on a scale from 0 to 3. Evaluation of the scores
revealed no difference between biopsies obtained before and after remission in the group
of children with both CD and T1D. A comparison of this pre-remission group with the
children who had CD alone or the non-CD controls also showed no significant
differences. Based on our material, we found no indication that the presence of
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Gal-B(1,3)-GalNAc or Fucal-2Gal-R is involved in the susceptibility to CD, or that the

disease process affects the expression of these carbohydrates.

Keywords: pediatric celiac disease; type 1 diabetes; duodenal biopsies; glycosylation;
lectin staining

1. Introduction

The role of the adaptive immune system in celiac disease (CD) has been studied in detail over the
past few decades, and its association with HLA-DQ2 and DQ8 is well established [1]. Association
with other genomic regions has been demonstrated, but the individual impact of each region is
small, and, in combination, these regions can only explain about 5% of the total genetic
disease susceptibility [2]. Recently, there has been a surge of interest in the possible role of the
microbiota in the etiology of CD and a wide range of other diseases, particularly with autoimmune
components [3,4].

The glycocalyx/mucous layer covers the gastrointestinal tract, and acts as a semi-permeable
barrier between the lumen and the epithelium. Bacteria in the host microbiota may use carbohydrate
structures in the glycocalyx/mucous layer as attachment sites [5]. Inherited differences in expression
of certain carbohydrates could lead to a predisposition to colonization with particular strains of
bacteria, which may influence the susceptibility to CD. Alternatively, the presence of certain bacteria
independent of inherited factors could cause an environmental predisposition to CD by altering the
expression of carbohydrates. Also, the disease process involving inflammation of the gut mucosa
could affect the expression of carbohydrates [6].

Bacteria that are decreased or enriched in the gut of CD patients compared to healthy controls
could be important in maintaining gut homeostasis in the healthy individuals or in compromising the
epithelial function in CD [7]. It has been shown that rod-shaped bacteria were frequently found in the
mucosa of pediatric CD patients with active disease, as well as in another group of pediatric CD
patients in remission on a gluten-free diet (GFD), though not in controls with no known food
intolerances [8]. Since the rod-shaped bacteria were also present in the children in remission, this
indicates that CD patients could be genetically predisposed to colonization with these particular
bacteria, perhaps due to the expression of particular carbohydrates.

The prevalence of CD in patients with Type 1 Diabetes (T1D) is estimated to be around 8%
compared to around 1% in the general population [9]. CD and T1D share genetic risk factors with a
strong association to HLA-DQ2 or DQ8 for both diseases [10]. According to Danish guidelines, all
children diagnosed with T1D are screened by serology for the presence of CD-associated antibodies.
In contrast to children with CD alone, biopsies are also taken after the implementation of a
gluten-free diet in children with both diseases. By studying biopsies obtained from the same children
with CD and T1D before and after remission, as well as children with CD alone or no CD at all, we
aimed to investigate whether or not the expression of unique carbohydrate structures appeared to be
genetically determined or affected by the inflammatory status of the tissue.
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2. Materials and Methods

2.1. Study Design

We obtained duodenal biopsies from a total of 30 children. Among this group, 10 had both celiac
disease (CD) and type 1 diabetes (T1D) (aged 511 years, mean = 8.6); 10 had CD but not T1D (aged
1-14 years, mean = 5.9); and 10 were non-CD controls, verified to have normal duodenal histology
(aged 2-17, mean = 7.9), but who could have other gastrointestinal diseases, chiefly
gastroesophageal reflux disease. The group with both CD and T1D were examined both before and
after remission (2—4 years after first biopsy) following introduction of gluten-free diet (GFD).
Biopsies were scored according to the Modified Marsh classification [11] (Table 1).

Table 1. Biopsy Marsh scores for individual patients. Group A consists of patients with
both celiac disease (CD) and type 1 diabetes, so each patient has two scores: untreated
and after remission (GFD). Group B patients have CD only, and Group C patients do not
have CD (normal biopsies), but may have other diseases.

GroupA CD+TID CD+TID GroupB Group C
Patient ID  Untreated GFD PatientID 0 Patienttp O CP
Al 3A 0 Bl 2 Cl1 0
A2 3C 0 B2 3B 2 0
A3 2 0 B3 3C c3 0
A4 2 0 B4 3B C4 0
AS 3B 0 B5 3B Cs 0
A6 3C 0 B6 3C C6 0
AT 3C 0 B7 3C C7 0
A8 3A 0 BS 3C cs 0
A9 3B 0 B9 3C C9 0
Al0 3C 0 B10 3C C10 0

2.2. Lectin Histochemistry

We performed lectin histochemistry using peanut agglutinin (PNA) and Ulex europaeus
agglutinin (UEA) staining carbohydrates in glycolipids or glycoproteins of the glycocalyx/mucous
layer. PNA specifically binds the galactose sequence Gal-B(1,3)-GalNAc, and UEA specifically
binds the fucose sequence Fucal-2Gal-R [12]. Briefly, duodenal biopsies were embedded and
snap-frozen in liquid nitrogen immediately after gastroscopy. Cryosections were fixed, followed
by blocking of endogen biotin with an Avidin Biotin kit (DAKO, Glostrup, Denmark) and
then incubated with biotinylated lectin, rinsed, and followed by incubation with horse radish
peroxidase (HRP)-conjugated streptavidin (DAKO). Bound lectins were visualized using the HRP
substrate carbazol.

The staining was scored based on dissemination of stained structures in the epithelial cell layer on
a scale from 0 to 3, where 0 represents no staining of the epithelial cell layer, 1 represents staining in
the cytoplasm of epithelial cells, 2 represents staining of cytoplasm and glycocalyx, and 3 represents
staining of cytoplasm and glycocalyx, in addition to villus goblet cells. The observed staining pattern
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was hierarchical as described. Staining of crypt goblet cells was not considered in the analysis.
Intensity of staining was not included in the score.

2.3. Ethics

The study was approved by the Regional Committee for Biomedial Research (VF-20050134) and
by the Danish Data Protection Agency (DOK 2709660991).

2.4. Statistical Methods

Statistical analysis was performed with non-parametrical tests using the GraphPad Prism
software [13]. A statistical significance limit of p < 0.05 was chosen.

3. Results

PNA staining patterns are illustrated in Figure 1 with examples of staining in samples from a CD
patient (Figure 1a),a CD + T1D patient untreated and treated with a GFD (Figure 1b,c, respectively),
and finally a non-CD patient (Figure 1d). Some degree of PNA staining was evident in all samples in
all groups (Table 2) with a score of 1 as the lowest (Figure 1a), where only cytoplasmic was
observed. Figure 1b,c show PNA staining of biopsies obtained from the same patient (A7) with both
CD and T1D before and after treatment with GFD. In the case of patient A7, the score went up from
2 in the untreated state to 3 after treatment, but this was not a consistent trend for this group of
patients as a whole. A score of 2 (Figure 1b) includes staining of the brush border as well as
cytoplasm, and a score of 3 (Figure 1¢,d) indicates additional staining in some, but not necessarily all
villus goblet cells. The PNA staining in goblet cells appeared localized to spots inside the cells.

Figure 1. Peanut agglutinin (PNA) staining. (a) Patient B3 (CD, untreated), score 1; (b)
Patient A7 (CD+T1D, untreated), score 2; (¢) Patient A7 (CD + T1D, on GFD), score 3;
(d) Patient C2 (non-CD), score 3. Thin arrows mark staining of cytoplasm of epithelial
cells. Thick arrows mark staining of glycocalyx. Arrowheads mark staining in goblet
cells.
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Figure 1. Cont.

(d)
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Table 2. Peanut agglutinin staining scores. Stained sections of biopsies from patients in
Groups A (before and after remission), B, and C were scored as follows: 0 represents no
staining of the epithelial cell layer, 1 represents staining in the cytoplasm of epithelial
cells, 2 represents staining of cytoplasm and glycocalyx, and 3 represents staining of
cytoplasm and glycocalyx, as well as goblet cells.

Grou A
’ CD+TID A B CD C
CD + T1D GFD Non-CD

Score Untreated
3 0 2 0 2
2 5 4 1 0
1 5 4 9 8
0 0 0 0 0
Median score 1.5 2 1 1

UEA staining patterns are illustrated in Figure 2 with samples from a non-CD patient, a
CD + TI1D patient before and after treatment with GFD, and a CD patient. UEA staining was
observed in all patients except one: C4 (Figure 2a). A score of 1 (cytoplasmic staining alone) was not
given to any samples (Table 3). In general, the UEA staining appeared more intense in comparison to
PNA staining. This was especially evident in goblet cells (Figure 2b,d).

Figure 2. Ulex europaeus agglutinin (UEA) staining. (a) Patient C4 (non-CD), score 0;
(b) Patient A1 (CD + T1D, untreated), score 3; (¢) Patient A1 (CD + TI1D, on GFD),
score 2; (d) Patient BS (CD), score 3. Thin arrows mark staining of cytoplasm of
epithelial cells. Thick arrows mark staining of glycocalyx. Arrowheads mark staining in
goblet cells.

(a)
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Figure 2. Cont.

(d)
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Table 3. Ulex europaeus agglutinin lectin staining scores. Stained sections of biopsies
from patients in Groups A (before and after remission), B, and C were scored as follows:
0 represents no staining of the epithelial cell layer, 1 represents staining in the cytoplasm
of epithelial cells; 2 represents staining of cytoplasm and glycocalyx; and 3 represents
staining of cytoplasm and glycocalyx, as well as goblet cells.

Group

A A C
CD + T1D Untreated CD + T1D GFD BCD Non-CD
Score
3 5 4 10 5
2 5 6 0 4
1 0 0 0 0
0 0 0 0 1
Median score 2.5 2 3 2.5

Scores from biopsy sections stained with PNA lectin are presented in Table 2. We performed
three sets of statistical analysis to test if the scores reflected differences between the groups.

First, we compared the patients in Group A with both CD and T1D before (untreated) and after
treatment with a GFD using the Wilcoxon signed-rank test for matched pairs. The median scores
were 1.5 and 2 for the untreated and GFD-treated groups, respectively, with no statistically
significant difference (p = 0.25).

Secondly, we compared the groups A untreated, B and C using the Kruskal-Wallis one-way
ANOVA with Dunn’s post test and found no statistically significant differences between any of the
groups.

Finally, we combined the results from the two groups with inflamed tissue (A untreated and B,
median = 1) and compared with the combined results from the two groups without inflammation
(A GFD and C, median = 1) in a Mann—Whitney test and found no statistically significant difference
(p = 0.38). Likewise, there was no difference between the combined groups with CD (A untreated
and B, median = 1) when compared with the non-CD group C (median = 1)) (p = 0.88).

Scores from biopsy sections stained with UEA lectin are presented in Table 3. We performed
statistical analyses analogous to the statistical tests described above for PNA lectin, and found no
difference in the comparison between Group A untreated and GFD-treated (p = 1.00), no difference
between any of the groups A untreated, B and C, and also no difference when the combined group
with inflammation (median = 3) was compared with the combined group without inflammation
(median = 2) (p = 0.09), or when the combined groups of CD patients (median = 3) were compared
with the non-CD group C (median = 2.5) (p = 0.23).

Combining the results in Tables 2 and 3 did not indicate any difference between the four groups in
combined PNA/UEA staining with medians of 2, 2, 2.5 and 2, respectively.

4. Discussion

In our study, we found no difference in UEA and PNA lectin staining in biopsies from the same
pediatric CD patients before and after remission. It should be noted that these children also had
T1D, another autoimmune disease whereby the composition of commensals in the gastrointestinal
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tract could be of pathogenic importance [14]. Likewise, we found no difference when biopsies
showing CD-associated inflammation were compared to biopsies with normal histology.

Earlier work has shown somewhat conflicting results regarding the reactivity of PNA in CD
biopsies. PNA has been reported to not show any reactivity at all in patients or controls [15], to be
upregulated in goblet cells of CD patients compared to controls [16], or downregulated in the
glycocalyx of CD patients in a study where no reactivity in goblet cells was noted [8]. There is more
agreement with regards to UEA reactivity, which was shown to be upregulated in goblet cells of CD
patients in two of these studies [8,15]. Some methodological differences between these studies and
our own could in part explain the discrepancies: whether it is children or adults being studied, the
origin of the biopsy (jejunum as opposed to duodenum), and the specific structures included in the
analysis (e.g., crypt goblet cells versus villus goblet cells).

It has been well described that the bacterial microbiota is important for the function of
the mucosal immune system, and proper development of gut-associated lymphoid tissue is
dependent on bacterial presence and influenced by the composition of the microbiota [17-19].
Colonization of germ-free mice with Bacteroides modulated the expression of numerousl genes
involved in diverse intestinal functions including maintenance of intestinal permeability [20]. In rats,
it was shown that the composition of the commensal microbiota can modulate intestinal permeability
with certain bacterial strains increasing permeability, and other (probiotic) strains reducing
permeability [21]. Colonization with such probiotic strains of bacteria could potentially reduce
intestinal inflammation [22], and be beneficial in the context of celiac disease, whereas colonization
with other strains could be detrimental.

Characterization of the bacterial population in the human gastrointestinal tract is currently
intensely investigated [23], and it remains an important issue to define how the composition of the
commensal microbiota is determined. It is clear that the exposure to diverse bacterial strains in different
environments plays an important role, but a genetic predisposition to colonization with particular
bacterial strains is also likely to influence the composition of the microbiota [24,25]. Such a genetic
component could be the result of inherited differences in the expression pattern of unique
carbohydrate structures in the glycocalyx/mucous layer. This could influence bacterial composition
if bacteria can utilize carbohydrates for colonization, as was proposed for Bacteroides using
glycans [26]. Recently, it was found that the genetically determined ABO blood group system can
modulate the composition of the human intestinal microbiota [27]. Furthermore, the secretor status
encoded by the FUT2 gene, which defines the expression of the ABO blood group antigens in the
mucus, is associated with the composition of intestinal bifidobacteria [28]. If the ABO antigens are
present in the mucosal layer, they could facilitate bacterial colonization by acting as attachment sites
or carbon sources. In a Finnish study, it was found that 14.7% of a healthy control population was
homozygous for a nonsense mutation in the FUT2 gene leading to non-secretor status [29]. The
non-secretor status was positively associated with CD susceptibility, and the frequency of
non-secretors was increased to 18% in the CD population.

It appears likely that the composition of the intestinal microbiota is associated with the development
of CD [30], either through a genetic predisposition, environmental influence, or infection
with pathogens [31]. Several studies point to differences in the microbiota between CD patients
with active disease, CD patients in remission, and normal controls [32—-34]. Moreover, animal
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models have demonstrated how gluten-induced enteropathy can be modulated by the bacterial
microbiota [35,36]. The presence of rod-shaped bacteria in intestinal mucosa was shown to be
frequently associated with pediatric CD patients regardless of disease status (patients with active
disease, compared to another group of patients in remission), but not with controls [8]. This
was linked with differences in lectin staining of biopsies from the three groups in the study with
UEA staining being more intense and widespread in CD patients (active CD or treated) compared
to controls, and PNA staining being less widespread and intense in both groups of CD
patients compared to controls. These findings could be explained by either a genetic predisposition
to express certain carbohydrates in people who develop CD, or by the effect that the components
of the microbiota, such as the rod-shaped bacteria associated with CD patients, could have
on glycosylation.

Although not evident in our study, there is indication that inflammatory processes can alter the
expression of carbohydrates in the gut. A characterization of the human MUC2 mucin in colon
revealed a complex glycosylation pattern in healthy individuals [37]. This pattern was altered with a
shift towards smaller and less complex glycans in patients with active ulcerative colitis [38].
Interestingly, this effect was reversed after remission of disease, arguing against a genetic reason for
the shift.

With respect to CD in future studies, it would be relevant to investigate other differences in mucus
glycosylation that are not detected by UEA or PNA staining. Also, potential differences in other
modifications, such as sulfation, could be relevant in CD [39]. Our limited study supports the notion
that glycosylation is independent of disease activity as previously shown by Forsberg and colleagues
[8]. In contrast to that study, however, we could not demonstrate a difference in lectin staining between
CD patients, either with or without T1D or combined, when compared to non-CD controls.

5. Conclusions

In our study, we did not identify any differences in the staining pattern of the lectins PNA or UEA
in duodenal biopsies between samples obtained before and after remission in the same children with
both CD and T1D. Also, we did not observe any differences in lectin staining between children with
both CD and TI1D, children with CD alone, or non-CD controls. In conclusion, we found no
indication that the presence of unique carbohydrate structures bound by PNA or UEA is involved in
the susceptibility to CD, or that the inflammation caused by the disease affects the glycosylation
process.
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Abstract: Celiac disease (CD) is an autoimmune-mediated enteropathy triggered by
dietary gluten in genetically prone individuals. The current treatment for CD is a strict
lifelong gluten-free diet. However, in some CD patients following a strict gluten-free
diet, the symptoms do not remit. These cases may be refractory CD or due to gluten
contamination, however, the lack of response could be related to other dietary
ingredients, such as maize, which is one of the most common alternatives to wheat used
in the gluten-free diet. In some CD patients, as a rare event, peptides from maize
prolamins could induce a celiac-like immune response by similar or alternative
pathogenic mechanisms to those used by wheat gluten peptides. This is supported by
several shared features between wheat and maize prolamins and by some experimental
results. Given that gluten peptides induce an immune response of the intestinal mucosa
both in vivo and in vitro, peptides from maize prolamins could also be tested to determine
whether they also induce a cellular immune response. Hypothetically, maize prolamins
could be harmful for a very limited subgroup of CD patients, especially those that are
non-responsive, and if it is confirmed, they should follow, in addition to a gluten-free, a

maize-free diet.

Keywords: celiac disease; cellular immune response; maize prolamins; zeins

1. Introduction
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Celiac disease (CD) is an immune-mediated enteropathy triggered by dietary wheat, rye and
barley gluten (water-insoluble proteins) in genetically predisposed individuals [1]. Characteristic
features of CD involve crypt hyperplasia, intra-epithelial lymphocytosis and villus atrophy of the
intestinal mucosa. These injuries affect intestinal function and nutrient absorption, which can cause a
variety of gastrointestinal and extra-intestinal symptoms [2].

Intestinal mucosa damage in CD patients begins with an innate response that leads to a cellular
immune response [3]. First, prolamin peptides from gluten, which are resistant to human digestion,
interact with a chemokine receptor, inducing zonulin release and a subsequent tight junction
disassembly [4]. Then, the damaged barrier allows the arrival of gliadin peptides to the lamina
propria, where tissue transglutaminase (tTG) deamidates specific glutamine residues to confer an
overall negative charge. These peptides are bound to the human leucocyte antigen (HLA) DQ2 or
DQS8 molecules, in antigen presenting cells, which present them to T-cells to develop the full
immune response required for CD [5]. In addition to gluten peptides, self tTG is presented to T-cells,
which triggers an auto-immune response. Therefore, CD is considered an autoimmune disease.

CD symptoms disappear in the majority of patients after dietary gluten withdrawal; however, in
some patients, the symptoms are still present even after they adopt a strict gluten-free diet [6]. This is
due to either refractory CD or to the presence of gluten as a contaminant or as a non-declared additive
in foods [7]. Additionally, the lack of response to dietary gluten withdrawal in a very limited
subgroup of patients, could be due to other dietary proteins present in the gluten-free diet, such as
those from maize, which is a common alternative ingredient used in gluten-free diets.

It has been demonstrated that zeins, the maize prolamins, are able to induce an inflammatory
response through contact with the mucosa in some CD patients [8]. Furthermore, IgA antibodies
from some CD patients can recognize zeins [9], even after lime and/or enzymatic treatments [10].
Perhaps, in active CD, peptides derived from zeins could exacerbate the immune response in the
intestinal mucosa, because they have sequence characteristics and/or electronegative residues that
resemble gluten peptides.

2. Supporting Experimental Results

Table 1 summarizes the similarities between maize prolamin peptides and wheat celiac-toxic
gluten peptides that are involved in the pathogenesis of celiac disease. These results support the
hypothesis that peptides from zeins that are resistant to human digestion are able to induce a
celiac-like immune response in some CD patients by a similar mechanism to that triggered by wheat
gluten peptides.

2.1. Incomplete Protein Digestion

Pepsin and trypsin, the main peptidases of the intestinal tract, cannot completely digest wheat
gluten, because they are unable to cut its 15% proline-containing polypeptides [11,12]. The result is
the release of peptides larger than nine amino acids, which are capable of eliciting innate and
adaptive immune responses [13]. The proline content of zeins is also high (9%) and, although zeins
contain bonds that pepsin can cut, they also contain cysteine residues with disulfide bonds that



59

obstruct digestion by pepsin [14]. All together, the ability of trypsin to digest zeins is low due to their

low number of cleavage sites, low solubility [15] and secondary conformation [16].

Table 1. Similarities between maize prolamin peptides and wheat celiac-toxic gluten

peptides that are involved in the pathogenesis of celiac disease (CD). NO: nitric oxide;

NOS: nitric oxide synthase; HLA-DQ2 or DQS8: human leucocyte antigen molecules;

IFN-y: interferon gamma.

Step in CD Characteristics of Celiac-Toxic Characteristics of Maize Prolamins
Pathogenesis Peptides from Wheat Gluten That Could be Inducers for CD
Gastrointestinal peptidases do not digest the ) ) o )
L. ) Digestion of zeins is poor due to relatively
Incomplete proline-rich wheat gluten polypeptides completely,

protein digestion

Innate immune

response

Adaptive immune
response:
deamidation of
peptides by tTG
Adaptive response:
increased affinity
of HLA-DQ2/DQ8
on antigen
presenting cells to
bind peptides

Adaptive response:
processing and
presentation of
peptides

Adaptive response:
role of antibodies
against dietary

prolamins

Adaptive response:
activation of
T-cells

which releases peptides larger than nine amino
acids [11,12].

Increased levels of NO were produced by
challenged granulocytes and NOS expression was
increased in enterocytes from CD patients’ small

intestine biopsies [17,18].

Gluten peptides deamidated by tTG in the lamina

propria contain negative charges [19-21].

HLA-DQ?2 prefers negatively charged amino
acids from gluten peptides at the p4, p6 or p7
positions in the peptide, while HLA-DQS prefers
them at positions p1 or p9 [20].

After processing, the deamidated gluten peptides
are presented to T-cells. Then, B-cells are induced

to proliferate and produce antibodies [25].

Roles of tTG-specific antibodies induced by gluten
in CD patients could be: inhibiting epithelial cell
differentiation and inducing
their proliferation, increasing epithelial and
blood vessel permeability and affecting
angiogenesis [28].
Activated T-cells drive the inflammatory
response that leads to the development of the
characteristic celiac lesions and the symptoms
[31]. T-cells induce damage mostly by IFN-y
production [32].

high concentrations of glutamine, proline
and cysteine residues [14—16].

Proteins from maize caused granulocyte
activation in a rectal challenge in six out of
13 CD patients tested [8].

Maize prolamins deamidated by TG

in vitro were better recognized than native
ones by IgA from some CD

patients’ sera [22].

Peptides from digested maize prolamins
have glutamine at positions p1 and p9 that
can be deamidated by tTG and bind to
HLA-DQ8 [23,24]. Other peptides can be
bound by HLA-DQ?2 [10].

T-cells from the intestine of one out of
seven CD patients stimulated by maize
prolamins and teff produced low IFN-y as
compared to wheat, but higher than control
and other non-wheat grains [26].
Additionally, IgA antibodies against maize
prolamins were detected in several CD
patients [10,27].

Although the levels of antibodies against
gluten decrease in some CD patients
following a gluten-free diet, antibodies
against maize prolamins remained high
until both gluten and maize were

avoided [29,30].

Neither the intestinal lesions nor the CD
symptoms were alleviated with a
gluten-free diet when maize was

still eaten [29].
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2.2. The Inflammatory Process

Nitric oxide (NO) production is involved in the innate inflammatory response mediated by
macrophages in CD, and it has been detected in cultured gluten-challenged small intestine
biopsies [17]. Additionally, there is an elevated expression of mRNA encoding the major inducible
isoform of NO synthase II (iNOS) in untreated CD patients [18]. After rectal wheat gluten challenge
in CD patients, granulocyte activation precedes NO production. Furthermore, some patients
have been found to display signs of a similar inflammatory reaction after challenge with maize
prolamins [8].

2.3. Deamidation of the Peptides

Gluten peptides are transported across the epithelial barrier to the lamina propria, where tTG
changes the glutamine residues to glutamic acid. Antigen-presenting cells then process these
negatively charged peptides and increase their affinity for the major histocompatibility complex
(MHC) class II molecules, HLA-DQ2 and HLA-DQS. These immunogenic peptide fragments can
stimulate HLA-DQ2- and HLA-DQS8-restricted T-cells and trigger an adaptive response in the
lamina propria [19-21]. Maize prolamins likely are also deamidated by tTG, because IgA from CD
patients was more immunoreactive against maize prolamins extracted from maize bread, treated with
microbial transglutaminase, than against maize prolamins from untreated bread [22].

2.4. Affinity of HLA/DQS8 Molecules to Bind Peptides

Adaptive responses to gluten initiate when dendritic cells phagocytose gliadin peptides and
present them to undifferentiated T helper cells, whose activation is crucial for the development of
CD. Peptide deamidation by tTG increases the affinity of HLA-DQ2/DQ8 for these peptides.
HLA-DQ2 has an affinity for negatively charged amino acids at the p4, p6 or p7 positions in the
peptide, while HLA-DQS8 has an affinity for those residues at positions p1 and p9 [23]. The primary
amino acid sequences of maize zeins can fit into these HLA binding sites once they are deamidated.
Through in silico analysis, Darewicz et al. [24] identified a high degree of homology between two
zein peptides and the celiac-toxic peptides from prolamins found in wheat, barley and rye (gliadins,
hordeins and secalins, respectively). Moreover, we have identified a peptide sequence (a-zein 58-91)
that is resistant to complete digestion and which has characteristics that would allow it to bind to
HLA-DQS8 [10]. In addition to this peptide, Table 2 provides the sequence of a 33-mer (02-gliadin
56—-88) peptide that is a potent T-cell stimulator [19].

Table 2. Theoretical peptide sequences that bind to HLA-DQ2/DQS8 molecules. After
deamidation by tTG [33], glutamine residues (underlined) became glutamic acid, which
is an electronegative residue that binds to p4 and 6 in HLA-DQ2 and pl and 9 in

HLA-DQS8.
Food Peptide Sequence Affinity Reference
Wheat  o-Gliadin =~ LQLQPFPQPQLPYPQPQLPYPQPQLPYPQPQPF HLA-DQ2 [19]
Wheat o Gliadin ~ LQLQPFPQPQLPYPQPQLPYPQPQLPYPQPQPF HLA-DQS [19]

Maize  a-Zein ~ LQQAIAASNIPLSPLLFQQSPALSLVQSLVQTIR HLA-DQ8 [10]
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2.5. Processing and Presentation of Peptides

Peptides of gliadin are deamidated by tTG, phagocytosed, processed and transported to the cell
surface in dendritic cells via MHC class II molecules. Subsequently, the peptides are presented to
infiltrated T helper cells that recognize deamidated peptides and trigger the proliferation of specific
B-cells and the production of IgA anti-gliadin and anti-transglutaminase antibodies [25]. Some celiac
patients contain B-cells that produce anti-maize prolamin IgA antibodies that do not cross-react with
anti-wheat prolamins [10,27].

2.6. Role of Antibodies

After the DQ2-/DQ8-dependent activation of CD4+ T-cells, B-cells are stimulated and produce
auto-antibodies. These auto-antibodies in the intestinal lumen could be involved in disease
pathogenesis in various ways. For instance, they could be involved in inhibiting epithelial cell
differentiation, augmenting epithelial cell proliferation, increasing epithelial and blood vessel
permeability and affecting angiogenesis [28]. In some CD patients on a gluten-free diet, including
maize-based foods, the anti-gliadin and anti-tTG antibody titers diminished, but the symptoms
persisted [29,30]. Total symptom remission in these cases was achieved only with a gluten- and
maize-free diet [30]. It is possible that partial production of anti-tTG antibodies, in addition to
anti-zein antibodies, continued to affect the intestinal mucosa when dietary maize was present.

2.7. Activation of T-Cells

The activation of gliadin-reactive CD4+ T-cells results in the production of cytokines that drive
an inflammatory response, which leads to the development of the characteristic CD lesions and
symptoms [31]. Gluten-specific T-cells induce tissue damage mostly by the production of interferon
(IFN)-y [32]. There is some evidence of T-cells being simulated by maize prolamins: intestinal
T-cells cultured from CD patients were challenged with maize prolamins in vitro, and T-cells
from one out of seven samples produced IFN-y as a result of T-cell stimulation [26]. Although this
patient response was not specific, maize and teff peptides produced higher levels of IFN-y (145.6 and
154.4 pg/mL, respectively) than the negative control (10.9 pg/mL) and others “non-toxic” grains
(=110 pg/mL).

Dietary gluten withdrawal has been demonstrated to induce mucosal recovery and the
disappearance of CD symptoms. Nevertheless, some patients on gluten-free diet have forms of CD
that do not respond to this diet. This could be due to a higher sensibility of these patients to
“gluten-free” foods that still contain some traces of gluten [34] or to the presence of other cereal
prolamins, such as those in maize in a very limited subgroup of CD patients.

3. Potential Links between Zeins and CD

Based on the similarities between wheat and maize prolamins discussed above, we can infer that
the innate and adaptive responses to zeins would be similar to the response against gliadins in CD
patients. Nevertheless, it is necessary to identify whether zeins contain immunodominant and minor
epitopes similar to those found in gliadins after proteolysis. Some authors have found that there is no
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effect on T-cell activation or pro-inflammatory cytokine secretion when CD patient biopsies were
treated with whole pepsin-trypsin digested prolamins from maize [26,35]. Therefore, there is a need
to evaluate the effect of isolated immunogenic peptides from maize prolamins, which can be
obtained by in silico analysis [10].

The evaluation of the response of immune cells to gliadins includes the increased expression of
surface receptors and the production of different cytokines for both tissue and immune cells. Some of
these receptors include HLA-DR (human leucocyte antigen), CD54 or ICAM-1 (intercellular
adhesion molecule), CD3 (in mature T-cells), CD25 (interleukin-2 receptor) and CD69 (in activated
T-cells and natural killer cells) [36,37]. Cytokines that would be produced include interferon gamma,
interleukins (IL) 2 and 15 and zonulin [13,38—40]. To evaluate the immune response, an analysis of
the protein expression of these markers can be performed after CD patient biopsies are challenged
with zein peptides. These ex vivo digested-peptide challenge analyses are considered useful tools to
evaluate the safety of non-gluten prolamins in a gluten-free diet [26,40].

There is evidence that after a short gluten challenge in treated CD patients, gluten-specific T-cells
are present in peripheral blood [41-44]. After this in vivo challenge, peripheral blood mononuclear
cells can be isolated and activated with gluten peptides for quantitative detection of
pro-inflammatory cytokines and direct detection of HLA-DQ?2 tetramer specific for gliadins. For
both cytokine measurements and the detection of an immune response, these techniques would be
very useful in the evaluation of the effect of maize prolamins on the immune response in CD patients.

4. Conclusions

Although reaction to maize prolamins in CD patients appears to be a rare event, the confirmation
that they play a role in the pathogenesis of CD will be useful information for the follow-up of some
non-responsive celiac patients. It is estimated that approximately 10% to 18% of these cases
are refractory CD, which represents a more severe CD, with a clear malignity and a less favorable
prognosis [7]. Therefore, it is important to assess these clinical cases, because uncontrolled CD can
lead to several malabsorption problems, osteoporosis and other autoimmune diseases [45].

Maize is one of the most commonly consumed grains in the gluten-free diet. Despite the low
content of zeins in maize-containing foods compared with that of gliadins in wheat-containing foods,
maize could be responsible for persistent mucosal damage in a very limited subgroup of CD patients.
If our hypothesis is proven, zeins could be classified as harmful for some CD patients, especially
those showing a poor response to a gluten-free diet.
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Abstract: Osteoporosis affects many patients with celiac disease (CD), representing the
consequence of calcium malabsorption and persistent activation of mucosal
inflammation. A slight increase of fracture risk is evident in this condition, particularly in
those with overt malabsorption and in postmenopausal state. The adoption of a correct
gluten-free diet (GFD) improves bone derangement, but is not able to normalize bone
mass in all the patients. Biomarkers effective in the prediction of bone response to
gluten-free diet are not yet available and the indications of guidelines are still imperfect
and debated. In this review, the pathophysiology of bone loss is correlated to clinical
aspects, defining an alternative proposal of management for this condition.
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1. Introduction

Osteoporosis is a condition characterized by low bone mass and micro-architectural deterioration
of bone tissue resulting in enhanced bone fragility and an increase in fracture risk [1]. It affects more
than 75 million people in developed countries, causing 8.9 million fractures annually worldwide.
Osteoporotic fractures account for 2.8 million disability-adjusted life years annually: to make this
even clearer, this index is higher than other conditions, such as breast cancer, gastric cancer and
hypertension [2]. There is a general agreement in the literature that more than 75% of untreated adult
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celiac disease (CD) patients with an overt malabsorption syndrome at diagnosis suffer from a loss of
bone mass [3-9], and this complication also affects about half the patients with subclinical CD,
presenting with minimal, transient and apparently unrelated symptoms [3,9], or asymptomatic
patients diagnosed because of their first-degree kinship [4].

Moreover, an increased prevalence of celiac disease in osteoporotic patients was reported [10—12]
and, even if this result was not confirmed by others [ 13—15], all previous results show the importance
of the problem from a clinical point of view. On the contrary, the value of active screening for CD in
patients with otherwise unexplained bone loss is still under debate.

Accordingly, there is no doubt that CD is a condition at high risk for secondary osteoporosis, and
the evaluation of bone mass and mineral metabolism is thus very important in the clinical management
of these patients. In the last few years, while the mechanisms of bone derangement in CD have been
extensively studied, less attention has been paid to the clinical management of this complication: there is
in fact very little information available on the timing of the first bone mineral density (BMD)
measurement, on follow-up frequency, even on the best treatment options.

2. Bone Damage and Mineral Metabolism Derangement in Celiac Disease

Intestinal malabsorption and inflammation contribute to the pathophysiology of bone damage
in CD. Villous atrophy is responsible for alterations of intestinal absorption, and a negative
calcium balance was shown in CD patients due to several mechanisms: malabsorption of calcium in
untreated patients [16], partially reversible after gluten-free diet (GFD) [17]; the reduction of
calcium intake [18] also due to a secondary lactose intolerance [19]; and the reduction of intestinal
calcium absorption due to its binding to intraluminal unabsorbed fatty acids [16]. Hypocalcemia can
induce a compensatory increase of serum levels of parathyroid hormone (PTH), in turn responsible
for an increase of bone turnover [7,20]: in untreated CD, serum PTH correlates with markers of
both bone synthesis, such as osteocalcin, as well as resorption, like telopeptide of type I collagen
(ICTP) [5]. Bone resorption is faster than bone neoformation, resulting in net bone loss and a high
turnover osteoporosis [21]. The increase of serum PTH enhances the activity of the renal enzyme
1-a-hydroxylase, which converts 25-vitamin D into 1,25 vitamin D, in order to improve calcium
absorption at intestinal level. However, this effort is ineffective, mainly due to the lack in immature
enterocytes of celiac mucosa of calbindin [22], a vitamin D-dependent calcium-binding protein,
minimizing the role of vitamin D malabsorption [23]. Finally, high levels of 1,25 vitamin D
might have the paradoxical effect of increasing bone resorption, as shown in patients with chronic
renal failure [4]. Accordingly, vitamin D functions are rarely impaired in untreated CD, as
hyperconversion of metabolite 25-vitamin D guarantees adequate levels of the active form 1,25
vitamin D.

Intestinal malabsorption could also lead to some deficits of other minerals, fat and water soluble
vitamins that could affect normal bone metabolism. In particular, low levels of zinc were described
in non-treated celiac patients [24], and related to low levels of insulin-like growth factor, that are
subsequently responsible for derangement in bone metabolism, growth and immune function [25].

This complex network of events is present in both overt symptomatic and subclinical CD to be a
disease that is below the threshold of clinical detection without signs or symptoms sufficient to
trigger CD testing in routine practice—or it is silent, equivalent to asymptomatic CD patients, even
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if the extent of bone loss and the alterations of serum levels of indices of bone and mineral
metabolism may be less severe than in CD patients with overt malabsorption [3].

More recently, much evidence has also suggested the role of both local and systemic
inflammation in the pathophysiology of bone loss in CD, characterized by a chronic increase of both
mucosal and serum pro-inflammatory cytokines, in particular TNFa, IL-1 and IL-6 [26,27]. IL-1 and
TNFa stimulate osteoclastogenesis and bone resorption [28]; IL-6 has a pivotal role in bone
resorption by recruiting osteoclast precursors and stimulating their differentiation [29]. In untreated
CD patients, serum IL-6 levels inversely correlate with BMD [27] and directly with PTH and ICTP
levels, a marker of bone resorption [30]. Recently, the existence of a complex cytokine imbalance in
CD patients, affecting both osteoclast and osteoblast activity was shown: cultures of peripheral blood
mononuclear cells of healthy donors with sera of untreated CD patients result in an increase in
osteoclast number and IL-6 levels, together with an inhibition of IL-12 and IL-18 [31], two cytokines
showing an in vitro inhibitory effect on osteoclastogenesis and osteoclast activity [32,33].

In the last 15 years, great attention has been given to the RANKL/RANK/osteoprotegerin pathway,
that is today considered the main signaling system in bone metabolism. The receptor activator of
nuclear factor kB ligand (RANKL) is expressed and secreted by osteoblasts; it binds RANK, located
on the surface of osteoclast precursors, to induce the differentiation of these cells into mature
osteoclasts, promoting bone resorption. Osteoprotegerin (OPG) is also secreted by osteoblasts; it acts
as a decoy receptor for RANK and blocks RANK—-RANKL interaction [34]. In CD patients, an
increased level of OPG and RANKL was described, with an OPG/RANKL ratio significantly lower
than controls. Moreover, the OPG/RANKL ratio was correlated with spine BMD [35] and with IL-6
levels [31].

The pathophysiological role of autoantibodies against OPG is also debated, as in a recent paper
the presence of these antibodies was detected in a man with CD, high bone turnover and severe
osteoporosis not responsive to GFD and to calcium and vitamin D supplementation [36]. This
observation was not confirmed by a subsequent study on a large cohort of CD patients on GFD [37].

Further factors are linked to endocrine and reproductive disorders, commonly part of CD clinical
presentation. In particular, early menopause and periods of amenorrhea could occur in women, due
partly to malnutrition and partly to hormonal imbalance, and could worsen the severity of osteoporosis
[38]. In men, hypogonadism was described, due to a reversible androgen resistance [39] and to
hyperprolactinemia [40], and considered a possible adjunctive factor risk for osteoporosis [41].
Finally, CD is frequently associated with autoimmune thyroiditis and type I diabetes mellitus [42]:
both these disorders are at high risk for osteoporosis [43,44].

2.1. Effect of GFD

Strict adherence to GFD allows BMD improvement but it is not able to normalize it in all cases.
Mucosal recovery does not appear to be the only determining variable: in fact, with the same
histological response, bone mass normalization is present in celiacs on GFD since early infancy [45]
but not always in patients on GFD for the same length of time but diagnosed at a later age. In
particular, normalization of BMD levels in childhood CD may be complete as early as after two years
of GFD [46]. On the contrary, in adults, many cross-sectional studies demonstrated higher BMD
levels in treated vs. untreated CD patients but still lower than in healthy volunteers [3-9,47-50]; also
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the prevalence of alterations of indices of bone and mineral metabolism is lower in treated vs.
untreated patients [47,51,52]. These results were shown in patients on GFD for a median duration of
28.5 months [5], in patients on GFD from a mean of 3.6 years [47] and in a group of patients treated
for a mean of 16 years, a very long period of GFD [52]. It is therefore evident that the early onset of
bone damage, probably before achieving bone mass peak, is an important time point determining
GFD-induced bone mass gain. Even longitudinal studies are of little help here, as the longest period
of GFD evaluated was 5 years [53]. On the other hand, these studies have provided important
information on the kinetic of bone mass recovery with the start of GFD and correlations with the
modifications of bone-mineral metabolism parameters. Following a GFD with optimal compliance
for a period of one year allows a significant improvement of BMD values, ranging from 5% [6] to
8% [3] according to different studies. These results were confirmed in a larger cohort of patients
enrolled at diagnosis and restudied after one year of GFD [8]. In a two-year study, GFD improved not
only bone mass but also serum levels of indices of bone and mineral metabolism. BMD improvement
was more evident after two years than after one year of GFD, suggesting that a period longer than one
year was necessary to point out intrinsic capacities of an individual patient to recover bone mass. Serum
levels of propeptide of type I procollagen (PICP) at diagnosis proved to be a strong predictor of bone
mass gain after two years, suggesting the possibility of selecting the group of patients with high
levels of bone matrix formation activity that is more likely to readily respond to GFD [54]. In a
three-year study, BMD increased in 92% of CD patients in GFD with a mean bone mass gain around
3% 4% per year. However, only 12% of patients showed a normalization of BMD. In particular, in a
small group of patients, it was evident that relatively good bone mass gain was present during the
first year, but was negligible in the subsequent study period [55]. These observations agree with a
five-year study showing femoral and lumbar BMD values at five years similar to BMD values at
one-year follow-up both in men and women, with the exception of trochanter values, which proved
to be higher at five-year measurement than one-year values [53].

In summary, BMD values normalize only in children, when diagnosed early in infancy and if they
follow a long-term GFD with optimal adherence. On the contrary, BMD values in adults show a good
improvement in the first period, generally around two years, after the institution of a GFD; the
improvement is then generally unsatisfactory and treatment with a mineral-active drug should probably
be considered. Nevertheless, CD patients show a wide range of response to GFD and risk factors for
osteoporosis include old age at diagnosis and the degree of osteopenia in late diagnosis, compliance to
GFD, menstrual status, i.e., late age at menarche, early menopause, periods of amenorrhea, low body
mass index (BMI), low dietary calcium intake, inadequate physical activity and use of
glucocorticoids [4,52,56,57]. What appears to emerge is that as age progresses and, in women as
menopause approaches, the ability to recover bone mass seems to diminish, being greatest in
childhood and lowest in peri- and postmenopausal women. In this latter subgroup of patients, waiting
two or three years to determine the extent of GFD-induced bone mass gain could thus be incorrect
and the start of treatment with a mineral-active drug should be earlier, probably at diagnosis.

The availability of predictive markers of GFD-induced bone mass gain could be a solution for this
problem, but the mechanism responsible for the unsatisfactory improvement is not completely clear.
A persistent reduction of fractional calcium absorption was shown in patients on GFD, besides the
improvement of intestinal mucosa architecture [17], and in a subgroup of patients the persistence of a
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secondary hyperparathyroidism and a significant correlation between serum PTH levels and femoral
BMD were shown [17]. The possible role of secondary hyperparathyroidism was suggested by other
papers [20,58] but also disproved [59], and the proposed pathophysiological mechanisms for the
persistent raise of serum PTH were residual villous atrophy leading to calcium malabsorption [20], a
reduction of calcium intake [18], but also a slow reversal of parathyroid hyperplasia [60]. Partial
adherence to GFD [55] and incomplete mucosal recovery [57] could also have a role in subgroups of
treated patients.

Circulating factors secondary to persistent activation of the mucosal immune system could
directly interfere with osteoclastogenesis and osteoblast activity. It was shown that in patients
following GFD for a mean period of 40 months [31] the prevalence of bone damage is around 40%,
and circulating levels of cytokines (IL-6, IL-1beta, TNF-alfa, TNF-beta, IL-12, IL-18, RANK-L,
OPQG) are significantly lower than in untreated patients, but significantly higher than in healthy
volunteers. In particular, the osteoclastogenic activity of sera from patients on long-term GFD
proved to be still significantly higher than sera of healthy volunteers and serum cytokine levels were
not correlated to PTH levels [31]. An altered ratio between RANKL and OPG in untreated patients
normalizes to healthy volunteer levels in patients on GFD [31,35]. Accordingly, the dietary treatment
with GFD alone is not able to completely control the increased osteoclast differentiation and activity
present in CD, as confirmed by a strong correlation between OPG/RANKL ratio and BMD [35], and
the mechanism responsible for bone damage does not involve PTH. Finally, while a three-year
period of GFD determines a significant decrease of IL 6, which is significantly inversely correlated
at diagnosis with lumbar BMD, it cannot normalize IL-1B and IL-1 receptor antagonist serum
levels [27].

Therefore, persistent inflammation in treated CD patients could have a role in the persistence of
bone mass derangement. In particular, the predominant mechanism responsible for bone derangement
seems different between short-term and long-term treated CD patients: in the period immediately
after diagnosis, the malabsorption of calcium and the consequent hormonal and vitamin D alterations
appear to be the prevalent pathophysiological mechanism, their correction allowing a satisfactory
bone mass gain, comparable to the effect of administering mineral-active drugs in postmenopausal
osteoporosis [61]. Unfortunately, the extent of the loss of bone mass in untreated CD is very often
higher than the extent of the recovery induced just by GFD in the early stages of treatment and, once
the GFD-induced metabolic surge that occurs in this phase is over, persistent bone loss seems due to
the persistent activation of a local mechanism, related to chronic inflammation. Preliminary data
from our group confirm this hypothesis, as an in-depth evaluation of hormonal and local factors
suggests that high levels of OPG and low levels of PICP select the subgroup of CD patients with a
persistent reduction of bone mass, despite strict adherence to GFD and architectural wvilli
reconstitution [62]. If confirmed, these markers might be used to identify those patients who need
mineral-active treatment associated with gluten-free diet.

3. Fracture Risk

BMD is only one of the factors that contribute to establishing the extent of fracture risk in
osteoporotic patients. Other factors are related to bone mechanical characteristics, such as stiffness of
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cortical bone, but also to inadequacy of protectors from trauma (body mass, fat and muscle
compartments) and to neuromuscular dysfunction [63].

Several studies pointed out the prevalence of fracture in celiac population, but with a very
important heterogeneity in methods (study design, sample selection, fracture data collection) and
cohorts studied (treated/untreated CD), making available data often inconsistent and difficult to
interpret [64]. Most authors agree on the increased prevalence of fracture in CD patients [63,65-71]
and a recent meta-analysis evaluating a total of 20,955 CD patients and 96,777 controls described a
risk of fracture 43% greater in CD [72]. Data on fractures were collected by mailed questionnaires,
by personal interviews or by medical records; consequently, results on peripheral fractures might be
more easily estimated and axial fractures underestimated. Only a cross-sectional study explored the
existence of asymptomatic vertebral fractures by spinal X-ray and did not find an increase of
vertebral fractures in CD patients [68]. However, if CD patients are subdivided according to the
clinical presentation, peripheral fracture risk proves to be higher than controls in patients with overt
malabsorption symptom, while it is similar to the general population in subclinical and silent
presentation [71]. These data were confirmed in a more recent case-control study, pointing out a
higher peripheral fracture risk also in men and underlining again the importance of adherence to
GFD [63]. However, to confirm what was said above with respect to pathophysiology, in a
population-based study in Olmsted County, CD patients showed a fracture risk twice that of controls,
and this figure persisted unchanged during GFD [66].

In general, however, large population-based studies should be interpreted with care, since, for
example, in one study on the fracture risk in CD patients on a cohort of 1021 celiac patients, a
possible misclassification of patients could have accounted for the negativity of results, as data were
extracted from the National Patient Discharge Register, known for a low estimated validity of
diagnosis of CD (78%) [73].

It is, finally, likely that, in addition to just BMD measurement, assessment of the physical
characteristics of bone, such as its elasticity, can add something to our understanding of the
mechanisms that favor fractures [74,75]. Unfortunately, no studies are available that correlate bone

ultrasound densitometry parameters with fracture risk in CD patients.
4. Clinical Management

Only a limited number of international recommendations are available on the clinical
management of osteoporosis in CD, probably due to the lack of sufficient data on patient follow-up
and the role of the menopause. As already stated, there is no clinical or biochemical marker to select
the subgroup of patients not responding to GFD alone with an improvement of bone mass and which
will be characterized by a high risk of fractures; accordingly, we are not able, as yet, to optimize both
treatment and timing of BMD follow-up measurement.

In 2000, the British Society of Gastroenterology published the guidelines for osteoporosis in
CD [76]. General advice aimed at modifying lifestyle factor risk was provided, such as enhancing
physical activity, stopping smoking, avoiding alcohol excess. Moreover, a daily calcium intake of 1500
mg, even by pharmacological supplementation, and vitamin D supplementation, if inadequate serum
levels were evident, was suggested. Bone densitometry was recommended at diagnosis for all
patients, to detect osteoporosis early and to obtain the greatest possible benefit from treatment, or at
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least at menopausal age for women and at the age of 55 years for men. Postmenopausal women
with normal BMD should repeat densitometry after two years. Osteoporotic postmenopausal women
and men over 55 years should be offered treatment and bone densitometry yearly to monitor
treatment efficacy.

The subsequent awareness of an ultimately low absolute risk of fracture, even if higher than in the
general population [77], determined strong criticism of the extensive use of bone densitometry at
diagnosis, suggesting that BMD measurement should be restricted to patients with high short-term
fracture risk, such as patients non-compliant with GFD or who failed to respond to dietary treatment,
on glucocorticoid therapy, with untreated hypogonadism, older age, low BMI, and previous fragility
fracture [78]. This led to reconsideration of the guidelines and the proposal of BMD measurement
only in clinically non-responder patients, especially those with low BMI, in menopausal women
and after 55 years for men [79]. In 2003, the American Gastroenterological Association guidelines
on osteoporosis in gastrointestinal disease suggested that bone densitometry should be performed
in adults with newly diagnosed celiac disease after one year of GFD, to allow for stabilization of
bone density, implementation of GFD, calcium and vitamin D supplementation as needed, and,
if necessary, bisphosphonates and hormonal therapy were strongly encouraged in osteoporotic
patients [80].

A Canadian Position Statement on evaluation and management of skeletal health in CD was
recently published [81]. BMD measurement was suggested at diagnosis only in adults with classic
CD, and after one year of GFD in adults with asymptomatic or silent CD. The latter group of patients
should be considered for earlier BMD evaluation in the presence of risk factors such as menopause,
older age, history of fragility fracture, unexplained iron deficiency anemia, vitamin D
deficiency/insufficiency, and high titers for CD serological markers. Indications for follow-up
were also given: BMD should be re-evaluated after one year of GFD in the presence of
osteopenia/osteoporosis at diagnosis, and after two years in cases of documentation of normal bone
mass. The assessment of bone and mineral metabolism by dosing serum calcium, albumin, 1,25
dihydoxicolecalciferol and PTH levels should be repeated every six months until normalization.

Clinical application of the Canadian guidelines does not, however, seem to allow substantial
resource savings, and is thus very similar to the earlier British proposal. In patients with
asymptomatic or silent CD with the aforementioned risk factors, early prescription of bone densitometry
is indicated, since anemia and vitamin D alterations show a very high prevalence also in this subgroup.
Considering the prevalence of bone loss in patients with and without overt malabsorption symptoms,
BMD measurement could provide more important information in asymptomatic than in clinically overt
malabsorber patients: bone loss is highly prevalent in overt malabsorption, and these patients could
undergo mineral-active therapy as of diagnosis; conversely, asymptomatic/silent patients should be
screened for bone loss presence. Moreover, the most important risk factor at diagnosis seems to be
the age of the patient, and patients well over the age of peak bone mass could be treated without
measuring BMD, while those patients below or shortly after the age of the peak should undergo
BMD measurement. This approach seems the most correct one in optimizing the use of bone
densitometry, but the problem remains for the free dispensing of the mineral-active drug, which in
Italy depends on the presence of a pathological fracture. Optimization of this phase could be
achieved by performing a radiological study of the lumbar spine in patients most at risk, such as



74

symptomatic subjects, peri- and postmenopausal women and men over the age of 55, in order to
detect vertebral fractures, together with a complete case history for previous fractures. In Italy
(Lombardia Region), the cost of lumbar and femoral densitometry is €88.66 (€44.33 for each
segment), while the cost of a lumbar spine X-ray is only €34.80.

In conclusion, there is no general agreement on the correct timing of bone densitometry in celiac
patients; screening at diagnosis seems to be not justified in all patients and the proposed alternative
approach is explained in Figure 1.

Figure 1. Diagnostic and therapeutic approach to CD patients without a
previous fracture.

CD with Asymptomatic/silent
overt malabsorption CD patients
Before After
peak bone mass peak bone mass

Absence of additional
Densitometry risk factors

Abnormal Normal

-No Treatment
-Repeat densitometry at
menopause (%) and over 55 yrs (4)

Presence of additional

risk factors
Treatment

Dorsolumbar spine X-ray

Fracture +ve Fracture -ve

Treatment offered Treatment
By Health System charged to pts

Repeat Densitometry every two years

Treatment with a mineral-active drug in association to GFD, even without BMD measurement,
should be prescribed to patients at high short-term risk of fracture, including symptomatic patients,
asymptomatic patients in peri and postmenopausal period, men older than 55 years, low calcium
intake, low BMI, poor compliance to GFD, or unresponsiveness to GFD following steroid therapy; in
these cases, measure BMD after two years of treatment. To allow the free dispensing of the drug,
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patients should be screened for the presence of fracture and X-ray of the spine could be adequate to
this aim. Young asymptomatic patients with a normal BMD should be re-evaluated at
peri-menopausal period (female patients) or over 55 years (male patients).

As regards the choice of the drug for the treatment of osteoporosis in CD, there are no longitudinal
studies dealing with this topic and we have no information on which to base our choice in the
individual subgroups of patients. The current approach is clearly based on post-menopausal
osteoporosis treatment with a choice between a weekly administration of alendronate and a monthly
administration of ibandronate. The use of denosumab, a decoy receptor for RANKL able to reduce
the activation of the osteoclast system, seems very interesting, also on the basis of the data obtained
on the RANK/RANKL/OPG system. The results of the first studies are awaited in order to define the
best strategy for the different types of CD patients.

5. Conclusions

In conclusion, in the pathophysiology of bone derangement in CD patients, both malabsorption
and the persistent activation of inflammation at intestinal level are important, in a two-step model.
Biomarkers with a predictive role of the normalization of BMD levels are needed and the evaluation
of the RANK/RANKL/OPG system could offer some inputs on this topic.
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Abstract: Celiac disease is a chronic, immune-mediated disorder, characterized by small
intestinal inflammation and villous atrophy after the ingestion of gluten by genetically
susceptible individuals. Several extraintestinal manifestations have been associated to
celiac disease. Eosinophilic esophagitis is a primary disorder of the esophagus
characterized by upper gastrointestinal symptoms, absence of gastroesophageal reflux
disease and more than 15 eosinophils per high-power field in biopsy specimens. Both
celiac disease and eosinophilic esophagitis are caused by aberrant, but distinct, immune
responses to ingested antigens and can be responsive to restricted food intake. The aim of
this review is to assess whether there is an association between these two pathologies. In
the majority of the studies examined, including the studies in pediatric population, the
prevalence of eosinophilic esophagitis in subjects with celiac disease was about 10-times
that of the general population. We suggest searching for eosinophilic esophagitis in all
children undergoing endoscopy for suspicious celiac disease.

Keywords: celiac disease; eosinophilic esophagitis; food allergy; autoimmune disorders




82

1. Introduction

Celiac disease is a chronic, immune-mediated disorder, characterized by malabsorption of
nutrients after the ingestion of wheat gluten or related proteins from rye and barley by genetically
susceptible individuals expressing the human leukocyte antigen (HLA) class II molecules DQ2 or
DQ8 [1] resulting in villus atrophy of the small intestinal mucosa. Prompt clinical and histologic
improvement is observed following strict adherence to a gluten-free diet, and clinical and histologic
relapse occurs when gluten is reintroduced [2]. Several extraintestinal manifestations, including
anemia, osteopenia, neurologic symptoms, menstrual abnormalities, infertility, recurrent
spontaneous abortions, growth retardation, dermatitis herpetiformis, aphthous stomatitis, dental
defects, have been associated with celiac disease [3].

Eosinophilic esophagitis was first described in 1978 [4]; however, it became recognized as a
distinct clinical entity in 1995 [5]. It is a chronic inflammatory primary disorder of the esophagus,
presenting with dysphagia and symptoms mimicking those of gastroesophageal reflux disease,
including vomiting, regurgitation, nausea and epigastric pain. This disorder is characterized by
esophageal mucosal biopsy containing more than 15 eosinophils per high-power field (Figure 1) and
absence of gastroesophageal reflux disease, as shown by normal pH monitoring or lack of response
to high-dose proton pump inhibitory therapy [6].

Figure 1. Classic histological findings of eosinophilic esophagitis: hypereosinophilia,
usually with >15-20 eosinophils per high-powered field. Eosinophils in the squamous
mucosa are visible (arrows). (Courtesy of Dr. Ezio David, MD, Molinette Hospital,
Turin, Italy.)

Bt
4
L k’\ -
'Sl g f 1

There are some classic endoscopic features including adherent whitish plaques, esophageal
concentric rings, linear furrowing, but the esophagus can appear only slightly altered in some
patients [7]. The squamous epithelium of the esophagus is normally devoid of eosinophils, but
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various disorders cause eosinophils to infiltrate the esophageal epithelium: parasitic infections,
autoimmune disease, vasculitis, medications, gastroesophageal reflux disease [8]. When first
described, eosinophilic esophagitis was believed to be a predominantly pediatric condition; however,
it is now commonly diagnosed in adults as well as in children [9]. The clinical presentation of
eosinophilic esophagitis may vary depending on age: younger children, generally present with
non-specific symptoms of gastroesophageal reflux disease, abdominal pain or failure to thrive [10];
older children often present with dysphagia and esophageal food impaction [11]; however,
asymptomatic low-grade counts of epithelial eosinophils (less than 15 eosinophils per high-power
field) may be more common than has been estimated, but are of uncertain clinical significance [12].
A subset of patients with eosinophilic esophagitis responds to acid suppressive therapy, indicating
some overlap between eosinophilic esophagitis and gastroesophageal reflux disease [6]; this is now
considered as a separate entity labelled “proton pump inhibitors (PPI) responsive oesophageal
eosinophilia” [13] In children, eosinophilic esophagitis has been shown to be associated with IgE-
and non-IgE-mediated food allergy, and the majority of cases respond to elemental diets or specific
food protein elimination [6]. By contrast, in adults the response to dietary interventions is less
predictable, and the treatment more commonly relies on swallowed corticosteroid aerosols [6]. The
poor response rate to dietary interventions in adults may be due to a lower prevalence of food allergy,
and sensitization to inhalant allergens may play a more significant etiological role [6]. The data about
the incidence of eosinophilic esophagitis range from 0.5 cases per 10,000 [14] to 1 in 10,000 in Ohio,
USA [15] and the prevalence range from 0.89/10,000 in Western Australia [16] to four cases per
10,000 in Ohio, USA [15] and 5.5 cases per 10,000 in Olmsted County, Minnesota, USA [17]. The
incidence seems to be increasing in both adults and children, though it is as yet unclear whether this
is solely attributable to increasing awareness and detection of the disease or whether it represents a
genuine phenomenon [18]. There is a male predominance, with 76% of adult and 66% of pediatric
cases being diagnosed in males [6]. Since both celiac disease and eosinophilic esophagitis are caused
by aberrant, but distinct, immune responses to ingested antigens and can be responsive to food
elimination diets, the objective of our study was to verify if there is an association between these
two conditions.

2. Experimental Section

Articles regarding the association of these two diseases were identified through MEDLINE search
using the terms “celiac disease or celiac sprue or gluten AND eosinophilic esophagitis”. The search
was also performed using reference lists from published articles. The titles of these publications and
their abstracts were scanned in order to eliminate duplicates and irrelevant articles. The final date of
the MEDLINE search was June 19, 2013.

3. Results

The search identified 30 publications (from November 2001 to May 2013) on this subject. We
read the abstracts of all articles and selected the 13 original articles in which associations between the
two diseases were addressed; three were excluded because there were no data about the prevalence of
the diseases. Celiac disease and eosinophilic esophagitis have been described in the same patient for
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the first time in a case report of 2007 [19] in a 7-year old black male with reactive airway disease,
eczema and type 1 diabetes mellitus referred to the gastroenterology clinic for positive celiac
serologic findings in recurrent abdominal pain. The eosinophilic esophagitis responded to an
elimination diet with normalization of esophageal histology and subsequently recurred with
reintroduction of cow’s milk protein (while celiac disease’s histology remained in remission with
gluten-free diet). A second report of three associated cases was described in the same year [20] with
a reported prevalence of eosinophilic esophagitis in patients with celiac disease of 9%, nine times
higher than that expected in the general population (1:100) [21]. In one patient eosinophilic
esophagitis disappeared after gluten-free diet; in the other two cases, the gluten-free diet did not have
any effect on the eosinophilic infiltrate, but both subjects were not compliant to the gluten-free diet.
Another study [22] reported a 35% of prevalence of celiac disease in 17 patients affected by
eosinophilic esophagitis investigated for upper gastrointestinal symptoms, with a significant clinical
and histological remission on gluten-free diet compared to the group of patients with eosinophilic
esophagitis without celiac disease. In an Australian study regarding seven children with eosinophilic
esophagitis and celiac disease [23], no patients with food allergy were reported; the prevalence of
eosinophilic esophagitis in the cohort of patients with celiac disease was 3.1%; two of seven patients
who underwent repeated endoscopic examinations showed improved duodenal histology but
persistent eosinophilic esophagitis on gluten-free diet. In another Australian study published in
2010 [24], the prevalence of esophageal eosinophilia in children with celiac disease who had
concurrent esophageal biopsies was 8.2% (10 of 121), 60% males, 30% had normal-appearing
esophageal mucosa at endoscopy; children who had undergone repeated endoscopic examinations
showed recovery of duodenal mucosa but no resolution of esophageal eosinophilia on a gluten-free
diet alone. The association of celiac and eosinophilic esophagitis may not be a true association but a
matter of biased enrollment in the above studies: regarding HLA DQ2 and/or DQS8, a study [25]
showed that these alleles were not present in eosinophilic esophagitis at a greater rate than in healthy
controls. But a recent study [26] demonstrated, a clear association between celiac disease and
eosinophilic esophagitis in both pediatric and adult populations: the standardized incidence ratio of
eosinophilic esophagitis in patients with celiac disease was 16.0 (95% CI, 8.7-25.5). A general
population-based study on adults [27] did not find any association between eosinophilic esophagitis
and celiac disease, whereas the latest one [28] showed a prevalence of 1.2% of eosinophilic
esophagitis in children with celiac disease (Table 1).

Table 1. Published study about prevalence of eosinophilic esophagitis (EoE) in patients
affected by celiac disease (CD).

Prevalence of EoE % of Pediatric % of Male in

Study  Country in CD population patients EoE patients Population

A [22] Australia 3.1% (7 of 221) 100 43 Tertiary center
B [23] Australia 8.2% (10 of 121) 100 60 Tertiary center
C[25] USA 0.97% (14 of 1439) 20.6 57 Tertiary center

D[27] Canada 1.2% (3 of 245) 100 100 General population
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4. Discussion

Both celiac disease and eosinophilic esophagitis are distinct clinical entities except for a few
minor similarities. Celiac disease is a Thl mediated disorder which aligns with autoimmunity,
triggered by the ingestion of food containing gluten and affects females:males at a ratio of 2:1 [29].
By contrast, eosinophilic esophagitis has been shown to be a Th2-mediated disorder, which is
triggered by exposure to dietary allergens causing infiltration of the esophageal mucosa by T
lymphocytes, mast cells and eosinophils and predominates in males, with a 3:1 ratio to females.
There is also an overexpression of eotaxin-3 and interleukin-5 [6] in the latter. Affliction of 8% of
first-degree relatives of patients with celiac disease is similar to that reported in 10% of first-degree
relatives of patients with eosinophilic esophagitis [30]. The genetic basis for celiac disease (i.e., HLA
DQ?2) is well established and differs from that of eosinophilic esophagitis [25] whose etiology is far
from clear, but in nearly 50% of the cases, it is associated with an allergy to food or to aeroallergens
[15]. In children, IgE-dependent mechanism for eosinophilic esophagitis is supported; for instance, it
was shown that affected patients have IgE sensitization to a wide variety of foods, although not all
patients had evidence of food-specific IgE [31]. In one study, a higher level of IgE sensitization to
food allergens was observed in patients with eosinophilic esophagitis alone compared to patients
with both pathologies, and this led the authors to hypothesize that patients with both pathologies have
elevated esophageal eosinophils for reasons different from allergy, with a significant clinical and
histological remission on gluten-free diet [22]. Increased intestinal mucosal permeability secondary
to celiac disease has been suggested as a contributing factor in the development of atopy [32,33].
Damaged intestinal barrier may expose the local intestinal immune system to macromolecules
and lead to transport of these undigested proteins to other body sites, hence facilitating development
of hypersensitivity reactions in a predisposed individual in and away from the gastrointestinal
tract [23]. By contrast, in adults, the response to dietary interventions is less predictable, and
treatment more commonly relies on swallowed corticosteroid aerosols [6]. The clinical significance
of eosinophilic esophagitis as an incidental finding is uncertain; if the main treatment goal is
suppression of clinical symptoms, asymptomatic eosinophilic esophagitis may not require any
therapy, but as the natural history of eosinophilic esophagitis in largely unknown, it is unclear what
proportion is at risk of developing esophageal strictures and dysphagia in the long term [34].

5. Conclusions

In summary, although there are fundamental differences in the pathophysiological mechanisms
involved in eosinophilic esophagitis and celiac disease, these conditions may coexist and the
prevalence is higher than anticipated. Our review highlights the importance of obtaining routine
esophageal biopsies in children undergoing endoscopy for diagnosis of celiac disease irrespective of
whether the esophagus appears normal or abnormal at endoscopy; however, asymptomatic
low-grade counts of epithelial eosinophils are of uncertain clinical significance.
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Abstract: The clinical presentation of celiac disease in children is very variable and
differs with age. The prevalence of atypical presentations of celiac disease has increased
over the past 2 decades. Several studies in adults and children with celiac disease indicate
that obesity/overweight at disease onset is not unusual. In addition, there is a trend
towards the development of overweight/obesity in celiac patients who strictly comply
with a gluten-free diet. However, the pathogenesis and clinical implications of the
coexistence of classic malabsorption (e.g., celiac disease) and overweight/obesity remain
unclear. This review investigated the causes and main clinical factors associated with
overweight/obesity at the diagnosis of celiac disease and clarified whether gluten
withdrawal affects the current trends of the nutritional status of celiac disease patients.
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1. Introduction

Celiac disease (CD) is a life-long condition that affects the small intestine in genetically
susceptible individuals [1]. The global prevalence ranges from 1% to 2% [2,3]. In children, the
symptoms upon CD presentation are highly variable and are influenced by age. Very young children
often present with “classic” symptoms including diarrhea, abdominal distension, and growth
retardation [4-6]. Diarrhea and malabsorption represent the typical presentation of CD in young
children [7], while abdominal pain, vomiting, and constipation are atypical gastrointestinal symptoms
more common in older children and teenagers. Furthermore, in children, CD can be diagnosed on the
basis of the occurrence of extra-intestinal conditions such as arthritis, neurological diseases, and
anemia [8,9] or on the basis of screening procedures in the absence of gastrointestinal symptoms
(typical or atypical) and in child or adolescent with CD- associated conditions [10].

The presentation of CD has changed over time. In the last 2 decades, diarrhea and malabsorption
have progressively decreased as the mode of CD onset among both adults and children, whereas
atypical manifestations have increased. Interestingly, many reports indicate that CD can be associated
with overweight or normal weight; hence, malnutrition is not always present at CD presentation
[4,6,11,12]. Therefore, CD and obesity can coexist during both childhood and adolescence. After the
first 2 cases reported by Semeraro [13] and Conti-Nibali [14] in 1986 and 1987, respectively, there
have been several reports of the coexistence of CD and obesity/overweight in children and adolescents
in the last 2 decades [15-19].

At present, in pediatric [20-27] and adult [28-33] case series of CD, the body mass index
(BMI) at diagnosis is within the normal range in many patients. Nevertheless, the pathogenesis
and clinical implications of the coexistence of CD and overweight/obesity remain unclear. The
clinical relevance of this association is highlighted by the observation that CD patients with normal
weight or overweight at diagnosis have a higher risk of developing obesity after starting a gluten-free
diet (GFD), which definitely improves intestinal absorption in these patients. Moreover, the
GFD regimen appears to be associated with high lipid and protein intake, particularly in
adolescents [20,29].

The key studies concerning the pathogenesis and clinical evidence of the association between CD
and overweight/obesity in subjects aged <18 years are discussed below. This review investigated the
causes and main clinical factors associated with overweight/obesity at CD diagnosis. In addition, this
review aims to clarify if gluten withdrawal affects the trend of the nutritional status of CD patients.

2. Clinical Evidence of CD and Overweight/Obesity
2.1. Summary of the Main Case Reports

The first pediatric case report [13] by Semeraro ef al., in 1986 describes an obese 14-year-old girl
who had been diagnosed with CD at the age of 1 year on the basis of a clinical condition characterized
by malabsorption, diarrhea, and stunted growth (i.e., weight in the 7th percentile). The girl was started
on a GFD, and had a normal weight at 2 years of age; however, she was overweight at 5 years of age
and obese at 10. She had a negative family history for endocrine diseases and CD but a positive family
history for obesity.
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There are other reports of the development of obesity in children on a GFD who initially had
malabsorption. For example Czaja-Bulsa ef al. [15] describe the case of an 18-year-old boy with
growth failure (i.e., <3rd percentile) and chronic diarrhea following gluten introduction and before
CD diagnosis. However, after gluten withdrawal, his weight increased to the 97th percentile at 5
years of age despite persistent mucosal atrophy. More recently, Balamtekin et al. [19] reported a
similar case of a 21-month-old child with the classic condition of malabsorption (i.e., chronic
diarrhea, failure to thrive, and abdominal distension) at CD onset. After 11 years on a GFD, the child
became obese (weight, >97th percentile).

Meanwhile, there are other reports of children with overweight/obesity at the time of CD
diagnosis. The first published report describes a 5-year-old girl with obesity, short stature, and
recurrent abdominal pain. The diagnosis of CD was suspected on the basis of family history, i.e., a
sister with CD. A GFD attenuated the symptoms and improved height and weight growth [14].
Furthermore, in 2001, Franzese et al. [16] reported the case of a patient with steatohepatitis
associated with obesity resistant to a low-calorie diet, in which CD was diagnosed on the basis of
moderate persistent hypertransaminasemia. In 2006, Oso and Fraser [17] diagnosed CD in an obese
teenager who had recurrent episodes of diarrhea, especially after eating spaghetti. At diagnosis,
blood tests revealed low iron, GFD feeding normalized iron level, and the symptoms disappeared.
However, the patient continued to gain weight (10 kg over 6 months) during follow-up. In 2009,
Arslan et al. [18] reported the case of a 7-year-old obese patient with CD (weight, >95th percentile;
weight/height ratio, 167%) suspected of having Hashimoto’s thyroiditis and affected by
hypochromic anemia unresponsive to iron therapy. Moreover, Balamtekin ez al. [19] describe the
case of a 17-year-old obese girl with weight >97th percentile and a BMI of 32.9 with epigastric pain
and vomiting. CD was diagnosed on the basis of the gastrointestinal symptoms, and the symptoms
disappeared after a GFD was started. Nevertheless, her weight continued to increase.

2.2. Summary of Case Series

At present, few case series have been published on this topic. Valletta et al. [24] report the
prevalence of overweight (BMI z-score > +1) and obesity (BMI z-score > +2) to be 11% and 3%,
respectively, in 149 children newly diagnosed with CD between 1991 and 2007. The authors found
that after initiating a GFD, the BMI z-score increased significantly and the percentage of overweight
subjects almost doubled. In a retrospective study, Venkatasubramani et al. [22] report 5% of patients
had a BMI > 95th percentile among 143 patients with CD diagnosed between 1986 and 2003. Among
the obese patients, the most common symptoms at onset were abdominal pain, diabetes, and diarrhea.

Brambilla et al. [25] compared 150 children with CD on a GFD with 288 healthy sex- and
age-matched children. They also retrospectively evaluated changes in BMI from CD diagnosis to the
last clinical evaluation. The median BMI of CD patients was significantly lower than that of the
healthy controls. In particular, children with CD were less frequently overweight or obese (12% vs.
23.3%) and more frequently underweight (16% vs. 4.5%) than the controls. However, after GFD
feeding, the number of underweight subjects decreased significantly, while the number of
overweight subjects increased slightly.

Reilly et al. [26] studied 142 children with newly diagnosed CD from 2000 to 2008. Nearly 19%
of patients had a high BMI at diagnosis (12.6% overweight and 6% obese), while 74.5% had a
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normal BMI. Meanwhile, the BMI of 75% of the patients with high BMI at diagnosis decreased on a
GFD. Among patients with a normal BMI at diagnosis, weight z-scores increased significantly after
diet treatment and 13% became overweight. Interestingly, in that survey, the initial symptom in 28%
of overweight CD patients was abdominal pain and the diagnosis was made on the basis of the
screening test in a asymptomatic portion of the population by 28%. Venkatasubramani et al. [22] also
found abdominal pain is one of the most common features of CD presentation in overweight patients.
Another important aspect of their survey results is that the CD diagnosis was made on the basis of the
screening test in at least 25% of overweight patients. Brambilla ez al. [25] suggest that identifying
CD patients on the basis of screening tests, and not symptoms, may increase the probability of
finding overweight or obese subjects at CD diagnosis.

In a cross-sectional multicenter study, Norsa et al. [27] enrolled 114 children with CD in serologic
remission, who were on a GFD for at least 1 year. The anthropometric measurements at diagnosis
revealed that 9.6%, 76.3%, 8.8%, and 5.3% were underweight (BMI < 5th percentile), had normal
weight (BMI = 5-85th percentile), were overweight (BMI = 85-95th percentile), and were obese
(BMI > 95th percentile), respectively. After gluten withdrawal, the prevalence of overweight and
obesity increased to 11.4% and 8%, respectively.

In a prospective case—control study, Barera et al. [34] found reduced fat mass, decreased bone
mineral content, and lower lean body mass in the limbs of 29 children newly diagnosed with CD
compared to healthy controls; all patients were normalized (i.e., approaching corresponding
parameters in the control population) on a GFD. Table 1 summarizes the main results of the
abovementioned reports.

Table 1. Prevalence of overweight/obesity in CD.

Author Country Overweight/Obesity  Overweight/Obesity after

Ref
(Year) (Sample Size)  at Presentation (%) Initiating a GFD (%) clerence
Australia & New
A b (2010 20.8/0 ND/ND 21
urangzeb ( ) Zealand (n = 25) / N [21]
Venkatasubramani Milwaukee, WI
> O ND/5 ND/3 22
(2010) USA (1 = 143) [22]
Ankara, Turk
Balamtekin (2010) e, JUIREY ND/0.5 ND/ND [23]
(n = 220)
Valletta et al.
Ttaly (7 = 149 11/3 21/4 24
NY, USA
Reilly et al. (2010) : 12.6/6 20/4 [26]
(n=142)
Italy & Israel
Norsa ef al. (2011) Ay & 'stac 8.8/5.3 11.5/8.8 127
(n=114)
Brambilla ef al.
rambtia efd Ttaly (7 = 150) 11.3/0.7 9.4/0 [25]

(2011)

GFD: gluten-free diet; ND: not done.

A clarification regarding the methodology of these studies should be made: in adults and children,
the main criterion for defining overweight/obesity is BMI (or Quetelet index), which is calculated by
dividing weight (in kg) by height (in m) squared. BMI is an expression of the weight “adjusted” to
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stature and is an index of adiposity; it is most strongly correlated with body fat and less correlated
with stature. Despite its limitations, BMI is easy to calculate and widely used, especially in
large-scale studies, to assess the risks of diseases. The internationally accepted age- and
sex-standardized threshold values of BMI for nutritional status in adults are those proposed by the
World Health Organization [35]. However, the curves of children’s weight and height vary with
growth, following development during puberty (with its consequences on body composition), and
sex. Therefore, references for different age groups (i.e., the distribution of percentiles with cut-off
points) are necessary. There are many different percentile tables based on data from reference
populations that also have very different anthropometric characteristics. Ideally, the study population
should be compared with tables based on national curves. Alternatively, the International Obesity
Task Force (IOTF), which is the main organization of childhood obesity scholars, have validated
tables with mean percentiles derived from cross-sectional studies of different populations (e.g., the
USA, Brazil, Hong Kong, Singapore, Holland, and Great Britain) to enable international
comparisons [36].

In this regard, the abovementioned studies have a discrete methodological heterogeneity.
Although all are based on the calculation of BMI, they used different categorizations in various case
series, such as the BMI percentile, BMI z-score, and IOTF cut-off point. In addition, different studies
were conducted on geographically diverse populations, and only a few studies compared the case
population with a control population [21,25].

3. Pathogenetic Link between CD and Overweight/Obesity
3.1. Overweight and Obesity in Newly Diagnosed CD Patients: The “Compensatory” Hypothesis

Semeraro first hypothesized that the atrophy of the duodenum—jejunum in CD patients could be
compensated by enhanced absorption in the distal intestinal segments [13]. The fat absorption
coefficient could in fact be preserved in a patient with a partially atrophic bowel [13]. This process
could be similar to that occurring in the residual bowel after surgical resection, which involves
structural changes that lead to an increased absorptive attitude of the intestine. The intestinal
adaptation consists of morphological changes of the mucosa, including increased villus height, crypt
depth, and epithelial cell number. In CD patients, atrophy determines the loss of normal intestinal
function. This can hypothetically induce increased absorption of the functionally preserved intestinal
tract. If this process overcompensates, it could lead to the extraction of energy exceeding the child’s
needs, thus increasing the risk of overweight/obesity [13].

This compensatory hypothesis appears to be supported by some of the first published cases of
adolescents affected by CD who continued to present with overweight or obesity despite persistent
villous atrophy on jejunal biopsies [14,15]. The compensatory surface area of the small intestine
appears to increase with patient age. Therefore, the intestine may develop the ability to absorb an
adequate amount of compensatory energy [13]. This notion is corroborated by the particular
distribution of symptoms upon CD diagnosis, which appears to be related to age [5—7]. Children aged
less than 2 years often exhibit the classic CD presentation, which includes malabsorption. In contrast,
older children, adolescents, and adults often present with atypical symptoms. This appears to be
concordant with the compensatory hypothesis. In fact, the classic symptoms may be due to a lack of
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intestinal adaptation, which is less developed in young children as mentioned above. The absence of
intestinal adaptation induces the occurrence of severe and classic symptoms including malabsorption
and celiac crisis, which can be found in very young children newly diagnosed with CD. As intestinal
adaptation is a time-dependent phenomenon, the probability that an individual’s mucosa is modified
increases with age. Therefore, CD symptoms could be attenuated in older children and adolescents.

Concordant with this hypothesis, there is no correlation between the presentation of CD and
the degree of villous atrophy [37] or the extent of the intestine involved as visualized through
video-capsule endoscopic procedures [38]. The morphological appearance of the mucosa may be
unrelated to its functional expression responsible for the severity of the presenting symptoms.

In addition, the nutritional status of the underlying population is clearly very important for the
correct interpretation of BMI in children with CD at diagnosis. CD may indeed develop in patients
with overweight/obesity, reflecting an individual’s predisposition (i.e., genetic, nutritional, and
environmental factors). The worldwide prevalence of overweight/obesity in children has increased
over the last 2 decades; an estimated 60 million children will be overweight or obese by 2020 [39]. In
this scenario, the symptoms of malabsorption that could manifest in overweight patients at CD onset
may reduce the prevalence of overweight/obesity in CD patients compared to the reference
population but increase it in comparison to what is usually expected in CD patients.

3.2. The Effect of Gluten Withdrawal on Overweight/Obese CD Patients

Overweight or obesity may develop in CD patients after gluten withdrawal. The main surveys on
children discussed above report the normalization of BMI in underweight and overweight patients on
a GFD, although they also report the development of overweight and obesity independent of baseline
nutritional status [21-27,34]. In consideration of the abovementioned “compensatory” hypothesis, it
can be supposed the mucosal healing following gluten withdrawal is responsible for the
normalization of BMI in both underweight and overweight patients as a result of the recovery of
energy balance. Therefore, the restoration of the absorptive functions of the whole bowel could
constitute a physiological redistribution of the absorptive attitude in whole bowel mucosa. This could
result in an increased energetic yield in patients with symptoms of malabsorption. However, in
patients with a mucosa adapted to supply a higher energetic yield, the improved absorptive function
of the whole bowel could induce the normalization of caloric balance. Nevertheless, it remains to be
determined if a GFD itself is a cause of the development of overweight/obesity in CD patients.

The unpalatability of some gluten-free foods may induce a preference toward hyperproteic and
hyperlipidemic foods [20,29,40]. This may consequently lead to increased energy intake followed by
excessive weight gain [41]. Mariani et al. [20] examined the eating habits and diet composition of
47 adolescents with CD and compared them to those of 47 healthy age-matched control subjects.
They divided the CD patients into 2 subgroups according to compliance with a GFD: group 1A
patients rigorously adhered to a GFD, while group 1B patients did not comply with a GFD.
Compared to Recommended Dietary Allowances, total energy, lipid, and protein intake were
higher and carbohydrate intake was lower in CD patients and controls. Total caloric intake and
lipid and protein consumption were higher in group 1A than in group 1B. As a consequence,
overweight/obesity was more frequent in group 1A (72%) than in group 1B (51%) and the
controls (47%).
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Several studies confirm long-term GFDs may not be nutritionally balanced. Indeed, there is
clinical evidence indicating high simple sugar, protein, and saturated fat intake as well as low
complex carbohydrate and fiber intake in such diets [20,42,43]. Concordant with this pediatric
evidence, higher total caloric [44], carbohydrate, and fat [45] intake is reported among adults with
CD than among healthy control subjects. In contrast, a few studies in adults [46,47] and children [48]
report reduced caloric intake in CD patients on a GFD.

Besides increased total caloric intake, the macronutrient composition of the diet may be involved
in the pathogenesis of overweight and obesity in patients with CD. Carbohydrates are the major
energy source in the diet of children in developed countries and are the dietary components that most
strongly affect blood glycemia. Both the quantity and type of carbohydrates are the determinants of
postprandial glycemia [49]. The glycemic index (GI) is a parameter used to classify foods according
to their postprandial glycemic response [50].

Many gluten-free foods are characterized by a GI higher than that of equivalent gluten-containing
foods [50,51], although this is refuted by some authors [52]. Gluten-free foods have a higher GI,
because gluten protein does not allow the easy access of amylase to hydrolyze starch granules in the
lumen of the small intestine [50]. However, many foods with a high GI have been shown to only
slightly increase blood glucose and vice versa [51,53]. Thus, the GI provides a measurement of the
quality but not the quantity of the carbohydrates consumed. Meanwhile, blood glycemia is
influenced by the synergistic interaction between the quantity and quality of carbohydrates.
Therefore, epidemiological studies are utilizing a new concept to assess outcomes as a result of
glucose metabolism: the glycemic load (GL). The GL may be calculated with the product of GI
(as a percentage) of available carbohydrates, representing both the quality and quantity of
carbohydrates consumed. The GL may be interpreted as a measure of insulin requested in free-living
conditions, because the amount of carbohydrates consumed at each meal usually varies in such
conditions [51,54,55]. Nevertheless, if the blood glucose response to food is a determinant of body
weight remains controversial [56].

Several studies conducted in overweight or obese children show discordant results regarding
the associations of GI and GL with obesity. One cross-sectional study reports no association of body
fat with GI or GL [57]. Others studies show positive associations of GI and GL with waist
circumference, BMI, and the sum of 4 skinfolds [58,59]. However, other cohort studies report
inconclusive results [60—62]. A meta-analysis [63] that identified six eligible randomized clinic trials
including a total of 202 participants concludes that low-GI or low-GL diets confer marked benefits
on weight, BMI, total fat mass, and lipid profile. Regardless, further research on long-term
improvements is required. A more recent systematic review provides evidence that long-term
interventions with a low-GI/GL diet confer beneficial effects on fasting insulin and pro-inflammatory
markers such as C-reactive protein; such interventions might prove to be helpful in the primary
prevention of obesity-associated diseases [64]. These aspects could help explain the occurrence of
overweight/obesity in celiac patients on a GFD.

On the other hand, several studies evaluating the effects of a GFD on metabolic control, growth,
and nutritional status in celiac patients with type I diabetes provide a natural model of the interactions
between diet, glycemic response, and nutritional status, demonstrating how this interrelationship can
be much more complex. However, these studies have completely discordant results. Some studies
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[65] indicate improvements in BMI and glycosylated hemoglobin (HbA1c¢) levels in patients with
CD and type I diabetes on a GFD. Meanwhile, Novoa Medina et al. [66] report no effect on the
metabolic control, height, or weight of such patients. Other studies evaluated the influence of GFDs
on metabolic parameters including insulin dose, HbAlc, glucose excretion, and hypoglycemic
episodes. Saadah et al. [67] report that a GFD resulted in a significant improvement of growth and
influenced diabetic control, particularly higher insulin levels in patients with CD than the levels at
baseline. Other authors [68,69] found no significant difference in the insulin dose, HbAlc, 24-h
urinary glucose excretion, or the number of hypoglycemic episodes. Abid et al. [70] found that a
GFD reduced gastrointestinal symptoms in the short term and particularly episodes of severe
hypoglycemia in children with type I diabetes with CD; however, there were no changes in
the standard deviation scores for height, weight, BMI, or the average HbAlc before and after GFD
consumption. Furthermore, epidemiological studies show energy intake is predictor of weight
gain [71]. Thus, the GI and GL of the previous meal can theoretically influence energy intake in the
next meal. A recent meta-analysis on this topic suggests that the GI, but not the GL might influence
the energy intake of the next meal [72]. This may be because low-GI foods result in sustained blood
glucose levels and hunger is delayed as compared with that after a high-GI meal [73]. Furthermore,
recent evidence suggests energy intake is associated with changes in the resting metabolic rate [74].
The mechanism involved in this phenomenon may be the specific effect of blood glucose level on
satiety (i.e., the glucostatic theory) or of other stimuli (e.g., peptides) involved in the control of
appetite. Insulin and glucose stimulate the release of the leptin hormone that produces satiety and
suppress the release of the ghrelin hormone that stimulates the appetite. Regardless, this does not
precisely characterize relationships among GI, satiogenic leptin, and appetitic ghrelin. Furthermore,
several gastrointestinal hormones called incretins are involved in the physiological control of hunger
and satiety; they are involved in glucose metabolism and can act on pancreatic beta cells to stimulate
insulin secretion. Among these hormones there is glucagon-like peptide-1 (GLP-1), which acts
directly on the central nervous system and indirectly by slowing gastric emptying, inhibiting appetite
and food intake, and inducing body weight reduction. The stimulation of insulin secretion by
incretins is typically glucose dependent and manifests when glycemic levels are high but not when
normal or low. Therefore, incretins have the potential to reduce hyperglycemia without causing
hypoglycemia. A recent study revealed children with CD have a secretion pattern of gut-brain axis
hormones that differs from that of controls. Alterations in this axis were more pronounced in children
with both CD and type I diabetes mellitus; nevertheless, the roles of these gut-brain axis hormones
in food intake and glycemic control in patients with CD and type I diabetes mellitus must be
clarified [75].

Overall existing clinical evidence explains the variability of the anthropometric trends in CD
patients after gluten withdrawal. However, it does not clarify why some CD patients develop
overweight/obesity after beginning a GFD. Furthermore, as is the case in newly diagnosed CD
patients, the global trend toward increased overweight/obesity could explain why CD patients on a
GFD may become overweight. The changes in nutritional habits that induce the development of
obesity are probably shared by CD patients and the general population. Table 2 summarizes the main
pathogenetic links between CD and overweight/obesity.
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Table 2. Suggested pathogenetic links between CD and overweight/obesity.

Time of
Overweight/Obesity
Diagnosis in

Celiac Patients

Pathogenetic Link Reference

“Compensatory hypothesis”: high energetic yield due
to the slow adaptation of the atrophic mucosa

Global trend toward overweight/obesity in children [39]
Diagnosis not based on clinical symptoms but on

[13]
Overweight/Obesity
at CD Presentation

. [25,26]
screening test
“Compensatory hypothesis”: normalization of caloric
. . [13]
balance due to the restoration of mucosal functions
Worldwide trend toward overweight/obesity in children [39]
Overweight/Obesity Unpalatability of gluten-free foods, prompting the
on a GFD consumption of foods with high caloric content (i.e., fat [20,29,40]
and protein).
High GI/GL of GFD? [49-74]
Altered secretion of gut—brain axis hormones? [75]

CD: celiac disease; GFD: gluten-free diet; GI: glycemic index; GL: glycemic load.
4. Conclusions

Overweight/obesity is more common in children with CD than previously recognized. The
prevalence of overweight in CD patients at diagnosis ranges from 8.8% to 20.8% [21,24-27],
whereas that in CD patients on a GFD ranges from 9.4% to 21% [23-26]. Meanwhile, the prevalence
of obesity in CD patients at diagnosis ranges from 0% to 6% [21-27], whereas that in CD patients on
a GFD ranges from 0% to 8.8% [22,24-27]. Overweight/obesity is more frequent in newly diagnosed
CD patients diagnosed on the basis of abdominal pain [22,26] and on the basis of screening
procedures [25,26]. During follow-up, it is possible the unpalatability of gluten-free foods leads a
preference for foods with high caloric fat and protein contents. However, the occurrence of
overweight may be explained by the global trend toward overweight/obesity in children [39]
including CD patients. An unconfirmed but nonetheless interesting hypothesis is that the
development of overnutrition status is due to the compensatory high energetic yield secondary to the
slow functional adaptation of the atrophic mucosa [13]. Therefore, mounting evidence suggests CD
should be considered even in overweight/obese children in appropriate clinical settings.
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Abstract: Malabsorption, weight loss and vitamin/mineral-deficiencies characterize
classical celiac disease (CD). This study aimed to assess the nutritional and
vitamin/mineral status of current “early diagnosed” untreated adult CD-patients in the
Netherlands. Newly diagnosed adult CD-patients were included (» = 80, 42.8 + 15.1
years) and a comparable sample of 24 healthy Dutch