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Humankind has existed for 2·5 million years but only in the past 10 000 years have we been
exposed to wheat. Therefore, it could be considered that wheat (gluten) is a novel introduc-
tion to humankind’s diet! Prior to 1939, the rationing system had already been devised. This
led to an imperative to try to increase agricultural production. Thus, it was agreed in 1941
that there was a need to establish a Nutrition Society. The very roots of the Society were
geared towards necessarily increasing the production of wheat. This goal was achieved
and by the end of the 20th century, global wheat output had expanded by 5-fold.
Perhaps, as a result, the epidemiology of coeliac disease (CD) or gluten sensitive enteropathy
has changed. CD now affects 1 % or more of all adults. Despite this, delays in diagnosis are
common, for every adult patient diagnosed approximately three–four cases are undetected.
This review explores humankind’s relationship with gluten, wheat chemistry, the rising
prevalence of modern CD and the new entity of non-coeliac gluten or wheat sensitivity.
The nutritional interventions of a low fermentable oligo-, di- and mono-saccharides and
polyols diet and gluten-free diet (GFD) for irritable bowel syndrome and the evidence to
support this approach (including our own published work) are also reviewed. There appears
to be a rising interest in the GFD as a ‘lifestyler’, ‘free from’ or ‘clean eater’ choice, causing
concern. Restrictive diets may lead to potential nutritional implications, with long-term
effects requiring further exploration.

Coeliac disease: Gluten: Wheat: Low FODMAP diet: Irritable bowel syndrome

What is gluten?

Gluten is the main storage protein used by some classes
of flowering plants to nourish seeds during development
and germination(1). It is a high molecular weight protein
found in the endosperm of grass-related grains, including
wheat, barley and rye. It is the composite of two classes
of protein, a glutenin and a prolamin (gliadin in wheat),
which can be fractionated to produce α, β and γ peptides.
As plant seeds are the plant tissue most consumed by
men, seed storage proteins have been long studied and
characterised. Wheat gluten was first isolated in 1745(2)

and since then further advances in the knowledge of pro-
tein structure have established that the prolamin compo-
nents of gluten are responsible for the ability to process

wheat to form dough by means of creating a viscoelastic
network(3,4).

History of gluten and mankind

Humankind has existed for about 2·5 million years with
cereal crops being introduced to the human diet relatively
recently, during the Neolithic Revolution about 10 000
years ago. This saw a transition from hunting and gath-
ering of food to settled agriculture. The first signs of cul-
tivation have been found in the Fertile Crescent in South
West Asia and the subsequent farming expansion lasted
until 4000 BC

(5).
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Cereal harvesting and consumption have gradually
increased since then, until its major outbreak in the
20th century. Between the two World Wars, the need
to develop a more efficient rationing system and
increased agricultural production became evident. The
improvement of wheat cultivation became one of the
main objectives of the Nutrition Society which was
founded in 1941 in Britain to advance the scientific
study of nutrition and its application to the maintenance
of health(6). This goal was achieved, with modern day
global wheat production amounting to over 700 million
tonnes per year (http://faostat.fao.org).

Moreover, the need to ensure an efficient agricultural
production has led to the artificial breeding and selection
of wheat variants with better adaption to extreme climate
conditions, bread-making qualities and resistance to dis-
eases(7). This has contributed to a dramatic change in the
genetic variety and possibly immunogenic qualities of
wheat over time(7). Currently, about 95 % of the wheat
grown worldwide is bread wheat (Triticum aestivum), a
hexaploid species which resulted from the spontaneous
hybridisations between more ancient tetraploid
(Emmer) and diploid species (Wild grass) and was then
selected by farmers for its superior qualities and yields,
such as higher number and bigger seeds(8). Furthermore,
the awareness of the potential role of gluten in processing
food has led to the industrial extraction of gluten from
plant seeds and its use in the baking industry as an addi-
tive with various functions, such as increasing elasticity
and stability of food products or as a protein supplement
to low-protein food(9).

It is, therefore, believed that the rate of increase in glu-
ten exposure, from the development of wheat cultivation
to modern intensive farming, along with its genetic mod-
ification, has been too high to give our immune system
the time to develop optimal adaptive mechanisms,
although this ‘evolutionary theory’ has yet to be fully
clarified(10). Nevertheless, perhaps as a result of all
these factors have come the changing epidemiology of
coeliac disease (CD) and other gluten-related disorders.

Coeliac disease

CD is a chronic inflammatory enteropathy caused by
dietary exposure to gluten(11). Although the manifesta-
tions of CD may have been described more than 100
years ago, it is only from the 1940s that the relationship
between gluten and CD has been established(12).
However, more than 70 years later, the pathogenesis of
CD has yet to be fully elucidated, but it is agreed that
the ingestionofgluten ingeneticallypredisposed individuals
carrying the HLA-DQ2 and/or DQ8 alleles can arise in a
T-cellmediated immune reaction, leading to small bowel vil-
lous atrophy and subsequent clinical manifestations(13,14).

Historically, CD was rare with an incidence in the UK
of 1 in 8000 being reported in the 1950s(15). However,
contemporary epidemiological studies estimate a world-
wide prevalence of approximately 1 in 100 or 1 %(16,17).
Nevertheless, a considerable proportion of patients still
remain undiagnosed with estimates that for every patient

diagnosed with CD approximately three cases are yet to
be detected(18). Furthermore, our understanding of the
coeliac patient has drastically changed. Whereas previ-
ously most cases diagnosed were children, it has now been
shown that in fact adult cases (characteristically present-
ing between the fourth to sixth decades) are more fre-
quent occurring at a ratio of 9:1 compared with the
paediatric cohort. We are also seeing new horizons of
CD where previously rice-based cultures such as China
and the Indian sub-continent are now ‘Westernising’
their diet with the introduction of bread, pasta and pizza,
CD is being reported in epidemiological studies(19–22).

The clinical manifestations of CD are heterogeneous.
The classical presentation of malabsorption characterised
by chronic diarrhoea, weight loss and failure to thrive is
relatively rare. Far more commonly, patients present with
non-classical symptoms which include irritable bowel syn-
drome (IBS)(23), iron deficiency anaemia(24), osteopor-
osis(25), ataxia or peripheral neuropathy(26). Indeed, given
that IBS is extremely common affecting about 11 % of
the population national guidelines now propose that all
patients presenting with such symptoms should have CD
excluded(25). In fact, a meta-analysis has shown that CD
accounts for 4 % of those cases presenting with IBS(27,28).

To date, the only therapy for CD is a lifelong gluten-
free diet (GFD)(29). Adherence to a restrictive GFD leads
to gradual healing of the mucosa of the small bowel and
to the resolution of malabsorptive symptoms(30),
although there is a consistent proportion of patients
who continue to show a low grade of mucosal inflamma-
tion even on a GFD(31). The Codex standard (which is
used in the UK and Europe), and similarly the Food
and Drug Administration in the USA, suggest that
foods containing 20 mg/kg or less of gluten or 20 parts
per million of gluten can be labelled as ‘gluten-free’
and that foods containing between 21 and 100 parts
per million of gluten can be labelled as ‘very low gluten’.

Non-coeliac gluten sensitivity

The definition of non-coeliac gluten sensitivity (NCGS)
encompasses a spectrum of gastrointestinal and extra-
intestinal symptoms which are triggered by the ingestion
of gluten-containing food, yet in the absence of the sero-
logic and histological hallmarks of CD or wheat
allergy(32,33). This terminology was defined following
double-blind placebo-controlled studies showing gluten
per se to induce symptoms in the absence of CD(34). The
symptoms reported include abdominal pain, diarrhoea,
constipation and bloating, as well as chronic fatigue, behav-
ioural changes, bone or joint pain and muscle cramps(32–34).
Symptoms typically occur shortly after the ingestion of glu-
ten, resolve on a GFD and relapse after gluten challenge.

NCGS is part of a spectrum of gluten-related disorders,
as outlined in Fig. 1. It is often self-reported or suspected
by the patients themselves and then confirmed by physi-
cians after other forms of gluten-related disorders have
been excluded(32). In fact, while the diagnosis of CD can
be made in most patients on the basis of positive serology
(presence of endomysial and/or tissue transglutaminase
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antibodies) and villous atrophy at duodenal biopsy(29,35),
patients with NCGS present with negative serology and
absence of villous atrophy(33). However, the presence of
antigliadin antibodies has been described in up to 50 %
patients with NCGS(36–38), and an increase in duodenal
intraepithelial lymphocytes, corresponding to the grade 1
of the Marsh–Oberhuber histologic classification, has
been observed in a subset of patients with NCGS in the
absence of other criteria for CD(36). Moreover, the preva-
lence of NCGS seem to be higher in first-degree relatives
of subjects with CD, and carriers of HLA-DQ2 and/or
DQ8 seem to be at greater risk of experiencing symptoms
related to NCGS than the general population although
these data have not been confirmed in different epidemio-
logical studies(36,38).

The growing interest in this clinical entity has led to
the advancing of several hypotheses about NCGS patho-
genesis, yet all of them still remain to be fully elucidated.
Altered intestinal permeability similar to that involved in
the pathogenesis of CD and activation of the innate
immune system following gluten exposure have been con-
sidered and are under investigation(33,39–41).

In the absence of clear serologic or histopathologic cri-
teria to orient toward a diagnosis, NCGS has often been
perceived as being an IBS-like entity, mainly due to an
evident overlap of clinical features between those two
syndromes(42). Furthermore, it has also been observed
that IBS patients, previously naive to the effects of glu-
ten, may benefit from a GFD(43). To date, the reference
standard for the diagnosis of ‘true’ NCGS is an elimin-
ation diet followed by double-blind placebo-controlled
gluten challenge, a method which could hardly be intro-
duced into clinical practice(33). Recently, a diagnostic
algorithm based on the absence or presence of, clinical,
serologic and histological criteria has been proposed to

diagnose and differentiate NCGS from CD(44). This
novel study provides a clinically pragmatic approach as it
takes into consideration the difficulties that arise when
evaluating patients who present with gluten-based sensitiv-
ity and are already taking a GFD, which in cases of CD
can lead to negative coeliac serology and normal duodenal
biopsies(44). It has been suggested that where available a
negative HLA-DQ2 and DQ8 genotype is useful in that
it can exclude CD with certainty given its 100 % negative
predictive value; this will account for almost half of pre-
senting cases(45). However, if HLA-DQ typing is not read-
ily available, or is positive, then a gluten challenge followed
by coeliac investigations is required(44). Traditionally, a glu-
ten challenge has been suggested to be ≥10 g gluten
(equivalent to about four slices of bread) daily for 6
weeks, prior to formalised testing. More recently this
could be as little as ≥3 g gluten (equivalent to 1·5 slices
of bread) daily for 2 weeks(46), which may be more suited
to patients specifically presenting with gluten sensitivity.
By adopting this approach in secondary-care gastrointes-
tinal practice only a minority of adult patients will have
a diagnosis of CD (7 %), with the remaining 93 % subse-
quently diagnosed as NCGS(45). Furthermore, individuals
with NCGS do not appear to suffer the nutritional defic-
iencies (anaemia and haematinic deficiencies) and low
mean BMI commonly associated with CD, which is a
reflection of the state of normal villi as seen in NCGS as
opposed to the villous atrophy in CD(45).

Gluten, fermentable oligo-, di- and mono-saccharides
and polyols and irritable bowel syndrome

Diet appears to play a pivotal role in symptom gener-
ation in patients with IBS, with two-thirds of patients

Fig. 1. (Colour online) Spectrum of gluten-related disorders. EMA, endomysial antibodies;
TTG, tissue transglutaminase; IBS, irritable bowel syndrome; FODMAP, fermentable oligo-, di-
and mono-saccharides and polyols; GFD, gluten-free diet.

A. Rej et al.120

P
ro
ce
ed
in
gs

o
f
th
e
N
u
tr
it
io
n
So

ci
et
y

https://doi.org/10.1017/S0029665118002549 Published online by Cambridge University Press

https://doi.org/10.1017/S0029665118002549


developing symptoms soon after food ingestion(47–49). A
proportion of patients presenting with IBS may have a
sensitivity to wheat. In a large retrospective study involv-
ing 920 patients fulfilling the Rome II criteria for IBS, 30
% (276/920) demonstrated wheat sensitivity or multiple
food hypersensitivities, including wheat(36). Participants
from this study were subsequently followed up prospect-
ively, demonstrating persistent wheat sensitivity over a
median follow up of 99 months(50).

It is unclear which component of wheat is the causal
agent for symptoms in IBS; gluten has been proposed
as a causal factor, as well as fructans, which are part of
the fermentable oligo-, di-, and mono-saccharides and
polyols (FODMAP) family. Other agents such as
α-amylase trypsin inhibitors and wheat germ agglutinins
have also been suggested as causal agents(51). Research
has recently focused on the role of a low FODMAP
diet and GFD for symptom relief in patients with IBS.
Table 1 outlines the main characteristics of these diets.

There have been several trials assessing the role of a
GFD in IBS. A randomised control trial in forty-five
patients, who had been diagnosed with diarrhoea-
predominant IBS, demonstrated increasing bowel
movements daily on a gluten-containing diet v. a GFD,
especially in those who were HLA-DQ2/8 positive(43).
Also increased bowel permeability was noted in
HLA-DQ2/8 positive patients, suggesting that gluten
may alter intestinal barrier in patients with diarrhoea-
predominant IBS (IBS-D)(43). A prospective study by
our own group, in forty-one patients with IBS-D, demon-
strated a statistically significant reduction in mean IBS
symptom severity scores after 6 weeks of a GFD, follow-
ing evaluation by a dietitian(52). There have been several
double-blind placebo-controlled trials demonstrating the
efficacy of a GFD in IBS, as seen in Table 2.

The benefits of a low FODMAP diet was hypothesised
at Monash University, Australia(53), with the group
focusing on the implementation of a low FODMAP

diet in IBS(54). A double-blind placebo-controlled trial
by this group demonstrated that dietary reduction in
fructose or fructans was likely to lead to symptom
improvement in IBS, demonstrating the benefits of
FODMAP restriction in general(55). There have been sev-
eral randomised control trials demonstrating the efficacy
of a low FODMAP diet, as seen in Table 3.

It is likely that there is significant overlap between
both the GFD and low FODMAP diet, as it is unclear
which component of wheat leads to induction of symp-
toms(56). Regardless of the mechanism, there appears to
be compelling evidence to use both these dietary therap-
ies in IBS. The implementation of these diets are best led
by a dietitian, on the basis that most studies have been
dietitian-led(57), with a dietitian identifying the most
appropriate diet for the patient based on a detailed his-
tory. This could be implemented through group educa-
tion rather than one-to-one sessions, to help prevent a
strain on existing resources(58).

Gluten-free diet as a ‘lifestyler’ choice

Historically, gluten-free products have been of limited
availability with knowledge of CD amongst the general
population shown to be lacking(59). This inevitably con-
tributed to the social phobia that individuals with CD
experienced when dining out(60). However, over the
past decade, there has been a paradigm shift with a dras-
tic rise in the availability of gluten-free products paral-
leled by an increase in awareness among the public(61).
Such findings are not only as a consequence of a rise in
the incidence and recognition of CD. In fact, surveys
conducted among the general population confirm that a
greater number of consumers worldwide are following
a GFD irrespective of the presence of CD(45,62).
Observational studies have reported that up to 13 % of
the population may self-report sensitivity to gluten-based

Table 1. Main characteristics of the gluten-free diet and the low fermentable oligo-, di-, and mono-saccharides and polyols (FODMAP) diet

Gluten-free diet Low FODMAP diet

Food component to
avoid

Gluten Fructose
Lactose
Fructans
Galactans
Polyols

Food containing the
component

Wheat, including varieties (spelt, kamut, farro
and durum), barley, rye and triticale
Gluten used as an additive in various
manufactured food

High fructose: apples, pears, peaches, mango, sugar snap peas,
watermelon; honey, sweeteners
High lactose: Milk, yoghurt, fresh cheese
High fructans and Galactans: artichokes, asparagus, beetroot, Brussels
sprout, broccoli, cabbage, fennel, garlic, leeks, okra, onions, peas,
shallots; cereals (wheat and rye); chickpeas, lentils, red kidney beans,
baked beans; watermelon, custard apple, white peaches, rambutan,
persimmon
Polyols: apples, apricots, cherries, longan, lychee, nashi pears,
nectarine, pears, peaches, plums, prunes, watermelon; avocado,
cauliflower, mushrooms, snow peas; sweetener

Minimal threshold of
daily intake

≤20 mg/d or 20 ppm ‘gluten-free’
21–100 mg/d or 21–100 ppm ‘very low
gluten’

Not clearly defined. (Wheat and rye: small quantities are allowed)
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products and that up to 5 % of the population may be
taking a GFD of their own volition(45,62). Despite the
prevalence of CD remaining stable in the US general
population, the prevalence of people avoiding gluten
has significantly increased(63).

In some, the avoidance of gluten-containing food is
viewed as a healthier lifestyle change rather than an
actual treatment, whereas in others it is a consequence
of reporting ill-effects to ingestion of gluten-based pro-
ducts. In fact, the relationship between the ingestion of
gluten-containing products and the development of clin-
ical symptoms even in the absence of CD has been
described since the late 1970s(64,65). Healthy people
have started to take a GFD as a lifestyle choice, leading
to the rising interest of a GFD as a ‘lifestyler’, ‘free from’
or ‘clean eater’ choice.

Our own group has investigated the role of a GFD in
healthy individuals, by performing a double-blind placebo-

controlled trial, in which twenty-eight participants
were recruited. Following a 2-week run-in period of a
GFD, participants were randomised to receive either
gluten-containing (14 g/d) or gluten-free products for 2
weeks. No significant difference in the primary endpoint of
Gastrointestinal Symptom Rating Scores was noted
between both groups. On the basis of this study, we suggest
that gluten is unlikely to be the culprit agent in healthy indi-
viduals, and would not recommend commencement of a
GFD in a healthy population.

Nutritional implications of restrictive diets

The use of restrictive diets, such as the low FODMAP
diet and GFD, can lead to nutritional consequences. A
reduction in calcium intake and short-chain fermentable
carbohydrate intake has been demonstrated in those in a

Table 2. Summary of double-blind placebo-controlled (DBPC) trials assessing the effect of gluten-free diet in irritable bowel syndrome

Lead author for
study Year Study design Study duration Outcome

Biesiekierski(34) 2011 DBPC trial 6 weeks Worsening of overall symptoms on VAS (P =
0·047) following gluten introduction

Carroccio(36) 2012 Crossover
DBPC trial

5 weeks Increase in overall symptoms following the
introduction of wheat (P < 0·0001)

Biesiekierski(74) 2013 Crossover
DBPC trial

2 week run in of low FODMAP then 1 week of
high-gluten, low gluten, or placebo for 1 week
followed by 2 week washout period

No effect of gluten on GI symptoms

Shahbazkhani(75) 2015 DBPC trial 6 weeks Statistically significant worsening of
symptoms in gluten-containing group v.
placebo (P < 0·001)

Zanwar(76) 2016 DBPC trial 4 weeks Worsening of symptoms following intake of
gluten (P < 0·05)

VAS, visual analogue scale; GI, gastrointestinal; FODMAP, fermentable oligo-, di-, and mono-saccharides and polyols.

Table 3. Summary of randomised controlled trials (RCT) assessing low fermentable oligo-, di-, andmono-saccharides and polyols (FODMAP) diet
in irritable bowel syndrome (IBS)

Lead author for
study Year Study design

Study
duration Outcome

Staudacher(66) 2012 Unblinded RCT 4 weeks Greater adequate control of GI symptoms on patients with low FODMAP diet
(13/19) v. habitual (5/22) (P = 0·005)

Pedersen(77) 2014 Unblinded RCT 6 weeks Reduction in IBS-SSS in low FODMAP diet in comparison with Danish diet
(IBS-SSS 75, P < 0·01)

Halmos(78) 2014 Single blind
crossover RCT

21 d Reduction in overall gastrointestinal symptom score on low FODMAP diet v.
Australian diet (22·8 v. 44·9, P < 0·001)

Bohn(67) 2015 Single blind RCT 4 weeks No difference between low FODMAP diet and traditional diet (P = 0·62)
Eswaran(79) 2016 Unblinded RCT 4 weeks No significant difference in composite end-points between low FODMAP diet

and modified NICE guidelines (P = 0·13)
McIntosh(80) 2017 Single blind RCT 3 weeks Significant difference between proportion of patients defined as responders (IBS

symptom reduction >50) between low FODMAP group v. high FODMAP group
(P = 0·01)

Staudacher(72) 2017 Single blind RCT 4 weeks Significantly lower IBS-SSS in patients on low FODMAP diet v. sham diet (P =
0·001)

Harvie(81) 2017 Unblinded RCT 6 months Reduction in IBS-SSS on low FODMAP diet v. normal diet at 3 months (P < 0·0002),
reduction in IBS-SSS sustained after re-introduction of FODMAPs at 6 months

Hustoft(82) 2017 Double blind
crossover RCT

6 weeks Significant improvement of all symptoms following 3 weeks of low FODMAP diet
with mean reduction of IBS-SSS 163·8

GI, gastrointestinal; IBS-SSS, IBS symptom severity score; NICE, National Institute for Health and care Excellence.

A. Rej et al.122

P
ro
ce
ed
in
gs

o
f
th
e
N
u
tr
it
io
n
So

ci
et
y

https://doi.org/10.1017/S0029665118002549 Published online by Cambridge University Press

https://doi.org/10.1017/S0029665118002549


low FODMAP diet, in comparison with a habitual diet
after 4 weeks(66). A statistically significant reduction in
energy intake has also been demonstrated in patients fol-
lowing a low FODMAP diet (P < 0·001), in a rando-
mised control trial comparing the low FODMAP diet
with traditional dietary advice(67). It must also be noted
that there is emerging data that utilisation of an adapted
FODMAP diet may be nutritionally adequate, with a
long-term follow-up postal questionnaire study demon-
strating no significant difference in carbohydrate and cal-
cium intake between an adapted low FODMAP diet and
habitual diet at long-term follow up, between 6 and 18
months(68). Lower intakes of magnesium, iron, zinc,
manganese and folate have been demonstrated in
patients with CD following a GFD(69). A statistically
significantly higher fat content on a GFD has also been
demonstrated in children with CD(70). It is, therefore,
imperative that these diets are only implemented when
necessary.

There are also concerns with restrictive diets with
regard to the gut microbiota. A reduction in total bacter-
ial abundance v. a normal diet has been demonstrated in
patients with IBS taking a low FODMAP diet(71), as well
as a significant reduction in luminal bifidobacteria after 4
weeks of a low FODMAP diet(66). It is interesting to note
that a recent placebo-controlled study, in 104 patients with
IBS, demonstrated that patients had a lower abundance of
Bifidobacterium species in faecal samples on a low
FODMAP diet in comparison with a sham diet, but
higher levels when given a probiotic(72). Supplementation
with probiotics could therefore potentially avoid this
potentially deleterious effect of a low FODMAP diet,
although long-term data are lacking. Similar changes in
gut microbiota have also been demonstrated on a GFD,
with a study in ten healthy subjects on a GFD demon-
strated reductions in proportions of Bifidobacterium,
Clostridium lituseburense and Faecalibacterium prausnitzii
after 4 weeks(73). The effect on the gut microbiota of
these restrictive diets requires further exploration, with
long-term data lacking.

Conclusion

The rise in gluten production and consumption has led
to the recognition of gluten-related disorders. CD affects
1 % of the population, which is important to diagnose in
the first instance in patients presenting with symptoms
induced by gluten. However, there is a growing body of
evidence to show that individuals without CD are taking
a GFD of their own volition. This clinical entity is
defined as NCGS, although it is not without its contro-
versy and uncertainty given the lack of diagnostic bio-
markers and associated conflicting substrates which can
provoke similar symptoms. Current evidence suggests
there is a role for a GFD in the management of IBS, in
addition to the role of a low FODMAP diet as a treat-
ment in this group of patients. However, as demonstrated
by our double-blind placebo-controlled study, there
appears to be no role of a GFD in healthy individuals,
which should be discouraged.
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