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Abstract

Celiac Disease (CD) represents an immune-mediated dis-
order that involves the body’s inability to digest gluten prop-
erly. After contact with gluten, patients of all ages might ex-
perience symptoms such as bloating, diarrhea, gas, growth
issues, and anemia. In the past two decades, its prevalence
has drastically increased worldwide, so the need for a bet-
ter understanding of this disease and novel potential treat-
ment options has never been greater. Today, patients are
still advised to follow a completely gluten-free traditional
gold standard CD diet. However, lately, the use of probiotics
in the diet is sometimes recommended since some studies
suggest an association between the gut microbiome and
CD. Many factors influence the composition and number of
gut microbiota, which can, in turn, potentially influence the
onset of CD. This is especially seen in dysbiosis in the organ-
ism, the imbalance of harmful and helpful microbes, which
can occur due to host genetics, diet changes, exposure to
atypical microbes, overuse of antibiotics, breastfeeding,
and mode of delivery. The significant findings of studies that
analyze the association between CD and gut microbiota in-
dicate some changes in the composition of gut microbiota in
CD patients compared to their negative controls. This review
paper aims to analyze the potential association between
CD and the gut microbiome and to explain the underlining
mechanisms that occur during disease development.
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Introduction

Celiac disease (CD) represents a common immune-mediator
disorder in the 21 century. This systemic disease is induced by
gluten, a protein complex found in barley, wheat, and rye [1].
Between 0.6 and 1.0% of people worldwide suffer from this
disease [2,3]. The prevalence of CD also differs in males and
females [4]. It is estimated that females are three times more
likely to have the disease when compared to men, although
men usually have more severe symptoms [5]. When it comes to
its prevalence in developing countries, it is mostly prevalent in
the Middle East [6] and North Africa. A common factor noticed
among the geographic regions is this disease’s increased preva-
lence and incidence. Many believe that this increase is due to
changes in the processes of producing and preparing wheat, the
westernization of diets, and increased awareness of the disease
[7]. In a systemic review and meta-analysis by King et al., in 33
studies, 73% had a significantly increased diagnosis rate over
time. These studies measured the incidence at more than one
point [8].

In the period up to the 1970s, CD was determined mainly
based on the appearance of clinical symptoms such as mal ab-
sorption, diarrhea, and weight loss. It was considered very rare,
with a global prevalence of 0.03% [1]. Because of this, it is still
not completely clear why there is an increased prevalence of
this disease over time. This time is too short for the develop-
ment of any essential changes in the genetic material of hu-
mans that could cause drastic changes in digesting gluten. Con-
sequently, some suggest that an environmental influence could
be the main factor in the pathogenesis of CD [9].

On the other hand, others believe that these changes in the
prevalence of CD are primarily due to the more reliable detec-
tion methods available in the modern age [10]. However, in
2007, Lohi et al. noticed that the prevalence of CD in Finland
had doubled in the last 20 years. Since the detection methods
did not drastically change during this period, this could only be
explained by the impact of the environment on disease patho-
genesis [11,12].

In recent years, the hypotheses that changes in gut microbi-
ota composition could be linked to many inflammatory diseases
have emerged. Potential associations between the microbiome
have been recognized in chronic diseases such as diabetes [13],
cancer [14], obesity [15], and inflammatory bowel disease [16].
Apart from these diseases, some studies have suggested that
there could be a correlation between intestinal dysbiosis and
CD [17,18,19]. This review analyzes the potential association
between CD and gut microbiome composition.

Clinical manifestations

For a long time, CD was thought to be a rare, mal absorptive
condition that mainly affected young children and newborns.
Clinical manifestations of this disease differ among age groups.
Infants and young children often experience failure to thrive, di-
arrhea, and abdominal distention. Furthermore, they can some-
times also experience constipation, vomiting, and irritability. On
the other hand, adolescents can, apart from the characteristic
symptoms like diarrhea and abdominal pain, exhibit manifesta-
tions outside the gastrointestinal tract, including anemia, short
stature, and even neurologic symptoms [20].

The presence of gastrointestinal symptoms is the basis for
the clinical classification of CD. ‘Typical’ and ‘atypical’ clinical
aspects of CD are frequently used to categorize them. However,

these terms’ definitions vary widely. Even if they could poten-
tially be more frequent than the “usual” symptoms, extra-in-
testinal manifestations are particularly challenging to catego-
rize. Therefore, a group of professionals supported the other
terms of “classical” and “non-classical” CD a few years ago [21].
“Asymptomatic,” “atypical,” or “silent” CD refers to presenta-
tions without gastrointestinal symptoms, while “symptomatic”
or “classical” CD refers to presentations with diarrhea, with or
without a mal absorption syndrome. Why the phenotypic mani-
festation of CD varies so much is unknown. Differences in clini-
cal or histologic severity are not explained by the presence of
DQ8 as opposed to DQ2 [22].

|n

The prevalence of “typical” CD patients appeared to decline
in the 1970s, and at the same time, elderly people with lesser
symptoms were discovered. The significant incidence and di-
verse clinical presentation of CD first became apparent when
screening for the condition using sensitive and specific endo-
mysium and transglutaminase antibodies from serum became
feasible in the 1980s and 1990s, respectively [23,24].

Distinguishing symptoms from consequences and from dis-
orders that are independently related to CD is a difficulty. With
a gluten-free diet, symptoms of CD should improve, but con-
sequences could become chronic and irreversible, especially if
treatment is started later than recommended. Type 1 diabetes,
autoimmune thyroiditis, and Down’s syndrome are a few well-
known disorders that have been linked to an elevated risk for
CD. It has been questioned if CD could be prevented in some
instances by early detection and treatment [25].

Early on, it was understood that untreated CD was linked to
gastrointestinal symptoms and signs such as anemia, stunted
growth, low bone mineral density, and vitamin deficiencies.
Although it was believed that they were exclusively present in
combination with malabsorption, it was subsequently realized
that they might also be the only symptom. One of the earliest
extra-intestinal signs of CD was dermatitis herpetiformis. When,
for instance, patients with earlier unexplained neurological and
articular complaints were diagnosed, other organ systems were
later shown to be impacted [26]. Additionally, due to increased
screening, people with CD were frequently diagnosed with
symptoms that are typical in the general population, such as
headache and fatigue. Remembering the generality and com-
plexity of the symptoms mentioned above is crucial because
many other common conditions, including migraine, chronic
fatigue syndrome, and Irritable Bowel Syndrome (IBS), can also
cause them [27].

Increased surveillance for CD among those with a family his-
tory of the condition and those with Down syndrome, Turner’s
syndrome, or type 1 diabetes-all linked to the condition-has led
to the identification of particular instances. Autoimmune disor-
ders are more common in people with CD than in the general
population [28].

For unexplained reasons, women are two to three times
more likely than males to experience the condition as adults.
In general, women are more likely than males to have autoim-
mune disorders, and iron deficiency and osteoporosis, both of
which call for a CD examination, are more frequently detected
in women. After age 65, there is a slight decline in the disease’s
prevalence in women. Adults typically appear with diarrhea,
which may be followed by discomfort or pain in the abdomen
[29]. Iron deficiency anemia, osteoporosis, and inadvertent de-
tection at endoscopy conducted for other reasons, like symp-
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toms of gastric reflux, are other quiet presentations in adults.
Abdominal pain, constipation, weight loss, neurological symp-
toms, dermatitis herpetiformis, hypoproteinemia, hypocalce-
mia, and high liver enzyme levels are less frequent presenta-
tions. A sizable percentage of patients are overweight and have
previously been diagnosed with IBS. Before receiving a diag-
nosis of CD, patients frequently experience severe symptoms
for an extended period and require repeated hospital stays and
surgeries [30].

The role of gluten in celiac disease pathogenesis

Gluten interacts with immunological, genetic, and environ-
mental variables to cause CD. The human upper gastrointestinal
system has difficulty breaking down the gluten protein, which is
high in glutamine and proline. The complete wheat protein is
referred to as “gluten,” and the alcohol-soluble portion called
gliadin is where most of the hazardous elements are found.
After ingesting gluten, undigested gliadin molecules, such as a
33-amino-acid peptide from a -gliadin fraction, are resistant to
being broken down by the digestive system’s gastric, pancreatic,
and intestinal brush-border membrane proteases and conse-
quently persist in the intestinal lumen. These peptides interact
with antigen-presenting cells in the lamina propria after passing
past the intestinal epithelial barrier, possibly due to intestinal
infections or increased intestinal permeability [31].

Mucosal immune responses in celiac disease

Immune reactions to gliadin fractions in CD patients lead to
an inflammatory reaction, primarily in the upper small intes-
tine, characterized by persistent inflammatory cells infiltrating
the lamina propria and the villous epithelium atrophy. Both the
innate immune system and the adaptive immune system have a
role in this reaction. The HLA class Il molecules DQ2 or DQ8 on
antigen-presenting cells bind to gliadin peptides, which are rec-
ognized by gliadin-reactive CD4+ T cells in the lamina propria.
The T cells then release pro-inflammatory cytokines, including
interferon-y [32]. The gastrointestinal enzyme tissue transglu-
taminase deamidates gliadin peptides, enhancing their immu-
nogenicity. Metalloproteinases and other tissue-damaging me-
diators are released by the subsequent inflammatory cascade,
which causes crypt proliferation and villous damage. In addi-
tion, gliadin peptides trigger an innate immune response in the
intestinal epithelium characterized by increased interleukin-15
production by enterocytes and the activation of intraepithelial
lymphocytes that express the natural killer cell marker NK-G2D.
Major-histocompatibility-complex class | chain-related A (MHC-
A), a cell-surface antigen generated by stress, such as an infec-
tion, causes these activated cells to become cytotoxic and Kkill
enterocytes [33].

Genetic factors of celiac disease

The familial nature of CD suggests a genetic component in
its pathophysiology. There is an association between the dis-
ease and HLA alleles DQA1*0501/DQB1*0201 [34]. A person
cannot acquire CD without alleles that encode the HLA-DQ2
or HLA-DQ8 proteins. These alleles are present in a large num-
ber of people, the majority of whom do not have the disease.
Therefore, their existence is essential but not sufficient for the
disease to manifest. Studies on identical twins and siblings
conclude that less than 50% of the genetic basis for CD may
be attributed to HLA genes. It has been suggested that several
non-HLA genes affect illness susceptibility, although this has not
been proven [35].

Previous research has examined the fecal microbial com-
position of at-risk children to understand the potential role of
microbial variables in CD development. Children with a high
genetic risk for CD were shown to have a different microbiome
than children with low genetic risk, indicating that the high-
risk genotype may affect the early gut microbiota composition.
Compared to infants at low or intermediate risk for CD, those at
high risk for the CD had a greater prevalence of enterotoxigenic
E. coli [19]. Additionally, in a cohort of 164 babies, individuals at
risk for the CD had higher levels of B. fragilis and Staphylococcus
spp. and lower levels of Bifidobacterium spp. and B. longum.
Breastfeeding decreased the differences between Bacteroides
and Bifidobacteria. Recent research revealed that at-risk kids
who later acquired CD had a different microbial trajectory cor-
related with immunological alterations. These alterations in the
gut microbiota in kids who later had CD were suggestive of a
“premature maturation” of the microbiota. However, the fecal
microbiota of children at risk for developing CD was comparable
at 9-12 months to that of infants who had not developed the CD
by age four. More extensive clinical trials should be conducted
to determine whether at-risk individuals who develop the CD
have altered duodenal microbial composition or function [36].

Environmental factors of celiac disease

Epidemiological studies have proposed that environmental
variables play a significant role in the onset of CD. Breastfeed-
ing’s protective qualities and the introduction of gluten in con-
nection with weaning are two examples [37]. The introduction
of gluten after 7 months is related to a marginal risk. The first
gluten administration before 4 months of age is associated with
an elevated risk of disease development. To reduce the inci-
dence of CD, the overlap of gluten introduction and breastfeed-
ing may be a more significant protective factor. The creation
of methods for the primary prevention of CD might be made
easier with further research into environmental factors [38].

Impact of microbiome on celiac disease pathogenesis
Microbiome in celiac disease

The intestinal barrier and mucosal and systemic immune
system development are influenced by microbial colonization,
which starts at birth. A disruption of these host-microbe inter-
actions, caused by altered bacterial composition or functions,
has been theorized to raise the risk of various autoimmune or
inflammatory illnesses, including CD. A potential environmental
modulator of CD development is altered microbiota composi-
tion in CD patients [39].

In an early investigation, rod-shaped bacteria were found
in the duodenal biopsies of Swedish infants with CD who were
born during the epidemic but not in control children or those
born after the pandemic. Clostridium spp., Prevotella spp., and
Actinomyces spp. were later identified as bacteria, and it was
proposed that their existence constituted a risk factor for CD
that contributed to the rise in disease prevalence in Sweden
from 1985 to 1995 [40]. Clinical studies conducted later on in
children and people with active CD compared to healthy con-
trols have revealed changes in the microbial composition of
the feces and the duodenum. While no unique microbial signa-
ture associated with CDhas been identified, numerous studies
have noted rising Bacteroides and Proteobacteria proportions
and declining Lactobacillus and Bifidobacterium proportions.
Additionally, it was discovered that CD patients with chronic
symptoms have more Proteobacteria than patients without
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symptoms. These findings indeed point to a link between CD
development and altered microbial composition, but studies
examining mechanisms and causality are absent. Furthermore,
it is still unclear if changes in the microbial makeup are the
cause or an effect of minor intestine inflammation [41].

According to recent research, CD patients’ microbiota may
contain more pathogenic or pro-inflammatory bacteria. The dis-
covery of CD after a Campylobacter jejuni infection has been re-
ported, which suggests that bacterial infections might exist be-
fore CD development. Comparatively to Escherichia coli clones
obtained from healthy controls, those from CD patients exhib-
ited more virulent genes. Like Staphylococcus spp., isolates of
Bacteroides fragilis isolated from CD patients have higher levels
of virulent genes than strains from healthy controls [42].

In contrast to the research mentioned above, bacterial in-
fections may also prevent the development of CD. While some
research has indicated a positive or no link, certain studies
demonstrate an inverse relationship between the presence of
Helicobacter pyloriand CD in both adults and children. Inconsis-
tencies among studies may be related to variations in methods
used to assess H. pylori status or H. pylori virulence. The mecha-
nisms behind this link remain unclear. More virulent strains may
protect against CD, while less virulent strains may worsen the
mucosal response in CD [43].

Functional variations in the microbiota may also impact met-
abolic procedures crucial to CD etiology. There are many bacte-
ria in the Gl tract that, in vitro, contribute to the metabolism of
gluten, and these bacteria may differ between healthy people
and people with CD. It is challenging to ascertain whether func-
tional changes exist before the disease’s onset because most
investigations have compared the microbial composition of ac-
tive or treated CD to healthy controls [44].

Dysbiosis in celiac disease patients

Dysbiosis, an imbalance of harmful and helpful microbes in
the organism, can occur due to host genetics, diet changes, ex-
posure to atypical microbes, and overuse of antibiotics [45]. This

imbalance is associated with CD. It was found that patients who
had CD had more rod-shaped bacteria in their small bowel en-
vironment compared to their healthy negative controls. These
results were obtained after biopsies of the small bowel [39].

Intestinal microbiota plays an essential part in the pathogen-
esis, clinical manifestation, and outcome of CD. For instance, it
can regulate and change the immune system responses through
the expression of cytokines and pro-inflammatory and anti-
inflammatory peptides. Apart from this, it can also promote
mucosal epithelium maturation[46]. Many factors can affect
the gut microbiota composition, especially in newborns. Breast-
feeding is one of them. The maternal oligosaccharides aid the
growth and survival of a stable and healthy gut microbiome.
Some studies suggest that gluten introduction during the pe-
riod of breastfeeding and the duration of the breastfeeding pe-
riod can delay or reduce the onset of CD. However, this is still
controversial, and more data needs to be obtained[47].

The main bacterial phyla in the gastrointestinal microbi-
ome include Bacteroides, Firmicutes, and Actinobacteria[48].
Moreover, according to duodenal biopsies and stool cultures,
patients with CD also contain an increased abundance of gram-
negative bacteria, Clostridium, E. coli, and Bacteroides, com-
pared to their negative controls [49,50,51]. Table 1 shows the
composition of the gut microbiome and the significant symp-
toms among different age groups of CD patients.

In a study on a group of children with and without CD, fecal
microbiota composition was examine dusing a method involv-
ing Fluorescent In Situ Hybridization (FISH) and Flow Cytometry
(FCM). The results indicated that children with CD contained a
significantly reduced ratio of Gram-positive to Gram-negative
bacteria compared to their negative controls. Interestingly,
these results were seen in both treated and untreated children.
In untreated CD patients, there was a higher abundance of the
Bacteroides—Prevotella group than their negative controls. On
the other hand, this group possessed a smaller abundance of
the Bifidobacterium genus [50].

Figure 1: Symptoms and microbiome composition among different age groups of Celiac disease patients. Data from [20, 50,52,53,54,55].

Celiac disease characteristics in different age groups
Patients Most common symptoms Major bacterial phylum in the Gl tract Reduced bacterium phylum in the Gl tract

failure to thrive, diarrhea, abdominal distention, . . .

Infants . . o Proteobacteria [52] Bifidobacterium [52]

constipation, vomiting, and irritability [20]

Proteobacteria, Bacteroidetes, Actinobacteria . .

Children diarrhea, abdominal pain, and constipation [53] (54,50] Bifidobacterium [55]
diarrhea, abdominal pain, constipation [53], anemia, Firmicutes, Bacteroidetes, Actinobacteria, . .

Adults . s Bifidobacterium [50]

short stature, and neurologic symptoms [20] Clostridium [54,50]

Association between mode of delivery and Celiac disease

Since the rates of cesarean section, more commonly called c-
section, have increased in recent years, the idea of studying the
long-term- and short-term- effects on these infants has sparked
an interest in the science community [56].

During childbirth, vaginally delivered infants' nasal cavi-
ties, skin and oral cavities, and other parts of the bodies are
exposed to a more significant number of beneficial microbiota
when compared to c-section infants. The microbiome composi-
tion of newborns who experienced a natural mode of delivery
is similar to the mother's vaginal microbiome. On the other
hand, c-section infants have a microbiome that resembles the

mother's skin microbiome [57]. This is because the direct con-
tact between the newborn and the mother's vaginal flora does
not occur in the c-section mode of delivery [58].

The uterus environment throughout fetal development is
sterile. During birth, the infant's skin first comes in contact with
an environment rich in microbes and microbial substances. Ad-
ditionally, the natural mode of delivery allows the child to be
exposed to the mother's skin, intestinal, and vaginal flora. This
results in colonizing the child's skin and the gastrointestinal mi-
crobiome. Usually, the first intestinal bacteria that can be de-
tected in newborns include Lactobacilli, Streptococci, as well as
Enterobacteriaceae[59,60,61].
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The short-term effects of c-section delivery can include the
development of allergies, asthma, altered immunity, and re-
duced diversity of the gut microbiota. The persistence of these
conditions during the child's life is still not understood com-
pletely, and more research needs to be done to confirm it [62].

A few observational studies suggest that elective cesarean
delivery is associated with an increased risk of CD at a young
age. This is due to the dysbios is due to the lack of beneficial
microbiota. In these studies, the increased risk of CD during pe-
diatric age is linked to fewer Bifidobacterium species and overall
reduced microbiome diversity [63,64]. However, the hypothesis
that cesarean section increases the risk of autoimmune dis-
eases remains one of the most controversial topics about new-
borns. Other studies suggest no association between the mode
of delivery and the development of CD, so more research needs
to be done on this topic.

Using probiotics as a potential treatment for Celiac disease

Until now, the most accepted treatment for CD is a strict glu-
ten-free diet that includes the complete avoidance of gluten in
food and any gluten contaminations. When it comes to cereals,
gluten can be found in durum wheat, Khorasan wheat, barley,
rye, bread wheat, and others. The nutritional value of gluten is
low, but it improves the palatability of food. There are alterna-
tive grains that can be used instead, as well as other sources of
starch that can offer flours for cooking and baking, even though
wheat, rye, and barley should be avoided [65].

Although the gluten-free food industry has started to devel-
op more in recent years, it is still challenging to have a lifestyle
without any contact with gluten. This is primarily because of
the possibility of cross-contamination that can occur during the
preparation of gluten-free food at home, in the food industry,
and in restaurants. Also, since CD patients cannot have a com-
pletely balanced diet, many patients often have nutrient defi-
ciencies. Gluten-free food can sometimes lack important fibers
and vitamins, such as vitamin D, folate, and vitamin B12, as well
as minerals like magnesium, calcium, zinc, and iron [66,67]. Vi-
tamin deficits could arise as a result of the alternative flours'
lack of B vitamin fortification; these deficiencies have been
found in patients who have been on a diet for a long time (more
than 10 years). Vitamin supplementation is therefore suggest-
ed. Because they are inherently gluten-free, meats, dairy prod-
ucts, fruits, and vegetables contribute to a healthier and more
varied diet [65].

Numerous studies have compared the gut microbiome in CD
patients with different diets. It was found that CD patients that
followed a gluten-free diet for at least two years could not com-
pletely restore the microbiota in their duodenum. Moreover,
their microbiome was less abundant compared to their nega-
tive controls. Their ratio of harmful to beneficial bacteria was
still abnormal. Even though the number of Staphylococci and E.
coli was restored after the patients followed a gluten-free diet,
their fecal samples showed that the number of Bifidobacteria
was still lower than in their negative controls [49].

A diet containing a low content of fermentable oligosaccha-
rides, disaccharides, monosaccharides, and polyols (FODMAPs)
has a specific beneficial effect on CD patients. In a study con-
ducted by Roncoroni et al., this diet was shown to reduce the
typical CD symptoms and the psychological health of these pa-
tients more than the usual gluten-free diet [68]. Since abnor-
malities in the gut microbiota carry on even after a gluten-free

diet, new therapeutic approaches are needed. It is of crucial
importance that the novel approaches target the microbiome
directly. Because of this, the idea of introducing probiotics into
the diet of CD patients has recently emerged. Some probiotic
strains can induce an immune response without causing ad-
ditional host inflammation. Bacteria such as Lactobacilli-made
Bacteriocins can make pores in the cell membranes of patho-
gens. This leads to cell lysis and improves the overall gut micro-
biome homeostasis [69].

The microbiome in the colon environment is involved in the
metabolism of gluten and its peptides. The bacteria that may
be involved in these processes include Bifidobacterium spp.
and Lactobacillispp[70,71]. In 2016, Caminero et al. analyzed
how core gut commensals and pathogens exhibit unique glu-
ten breakdown patterns with different immunogenicity and can
influence the risk of developing an autoimmune disorder. After
partial digestion by human proteases, gliadin peptides can be
detoxified by Lactobacilli. Proteases of Pseudomonas aerugi-
nosa produce immunogenic peptides. Lactobacilli can also help
in the degradation of these peptides. When this happens, the
peptides become less immunogenic. These findings indicate
that probiotics can potentially be used as an additional therapy
for CD patients [44].

Many studies suggest that the diet of CD patients should
be supplemented with Bifidobacterium longum and Bifidobac-
terium breve. These bacteria can modulate responses in the
peripheral immune system. They can reduce the levels of TNF-
alpha pro-inflammatory cytokines and increase the production
of anti-inflammatory cytokines such as IL-10. Moreover, these
bacteria can prevent inflammation of the intestinal mucosa.
This is especially important for CD patients [72,73].

Conclusion

While CD symptoms should improve with a gluten-free diet,
complications could worsen and become chronic and irrevers-
ible, significantly if treatment is delayed longer than is ideal.
A stringent gluten-free diet that avoids any traces of gluten in
food and other sources of contamination has been the most
widely used treatment for CD up to this point. Numerous stud-
ies recommend adding Bifidobacterium longum and Bifidobac-
terium breve to the diets of people with CD. These microbes can
alter how the peripheral immune system reacts. They can boost
the production of anti-inflammatory cytokines like IL-10 and de-
crease the levels of pro-inflammatory cytokines like TNF-alpha.

Further in-depth clinical investigations should be carried out
to ascertain whether at-risk people who develop the CD have
changed duodenal microbial composition or function. The in-
tricacy of separating the effects of genetics and environment
influencing the microbiota is highlighted by the fact that diet
and environment both affect the composition of the gut micro-
biota. To better understand the role of gene-microbe interac-
tions in the development of CD, more extensive clinical trials
are required where the microbiota's composition and function
are examined in at-risk individuals throughout time. With more
study into environmental factors, developing CD primary pre-
vention strategies might be more straightforward.
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