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Abstract

Celiac disease is a chronic inflammatory condition that is not well understood in rela-
tion to the microbiome. Our objective was to demonstrate changes in the microbiota
and the relationships between nutrients in children with celiac disease (CD) who fol-
lowed a gluten-free diet (GFD). A group of 11 children who were recently diagnosed
with CD, ranging in age from 3 to 12, were monitored for a period of 6 months. GFD
is designed based on the individual's specific energy and nutrient needs, with strict
control over dietary adherence. Food consumption, blood, and fecal samples were
taken. Fecal samples were put through 16s rRNA sequencing. Microbial modifications
were demonstrated using alpha diversity, beta diversity, nonmetric multidimensional
scaling analysis (NDMS), t-test, and metastats. Mean age was 6.4+2.66years and
54.5% were male participants. Serological parameters were negative after 6 months.
Both unweighted (p=.019) and weighted (p=.021) Unifrac distances were higher be-
fore GFD, and differences were reliable according to NDMS analysis (stress=0.189).
The abundance of Bacteroides ovatus was increased (p=.014), whereas unidentified
Lachnospiraceae, Paeniclostridium, Paraclostridium Peptostreptococcus, and Dielma were
decreased after GFD (p <.001). Associations between nutrients and several genera and
species were identified. The presence of genus Bifidobacterium and Bifidobacterium
adolescentis was inversely associated with fat intake after GFD (p <.01). Microbiota
changes became evident over a period of 6 months. The presence or absence of small
bacteria may play a role in the development of CD. Modifying the children's dietary

intake can potentially influence the microbial composition.
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1 | INTRODUCTION

Celiac disease (CD) is a chronic autoimmune condition of small intes-
tine that is triggered by gluten-containing food consumption, for ex-
ample, wheat, rye, and barley, in people with genetic predisposition
(Verdu & Schuppan, 2021). Epidemiological data suggest that CD is
one of the prevalent lifelong diseases affecting almost 1% of world-
wide with geographical differences (Lionetti et al., 2015). In Turkiye,
the seroprevalence and biopsy-proven prevalence of CD were found
to be 2.42% and 0.47%, respectively, in children (Dalgic et al., 2011).

Because not all people with genetic predisposition suffer from
CD (Verdu et al., 2015), the current evidence emphasizes that envi-
ronmental factors are crucial in the development of the CD (Lebwohl
et al., 2015). The environmental factors affecting the development
of CD are unclear; however, cross-talk between gluten and intestinal
microbiota may have an important role in disease onset and progres-
sion (Chander et al., 2018).

The microbial pattern associated with CD exhibits signifi-
cant variability based on current evidence. Alterations in differ-
ent taxon levels in the gut microbiota of treated and untreated
children with CD, increases in potential pathogenic microorgan-
isms, and decreases in potentially beneficial species in the active
period of the disease were shown (Akobeng et al., 2020; Pecora
et al., 2020). Decreased abundances of the beneficial species such
as Bifidobacterium and Lactobacillus or increase in the Bacteroides,
Escherichia, or Staphylococcus species has been reported (Rossi
et al., 2023). Schippa et al. suggested that present/absent situation
of certain microorganisms such as Escherichia coli, Bacteroides spp.
in duodenum could be important to understand the microbial alter-
ations in CD rather than a microbiota pattern after the follow-up
(Schippa et al., 2010). The alterations can be changed due to applied
analysis, sample site, and methodology (Lupu et al., 2023).

Gluten-free diet (GFD) is the only effective treatment in CD that
improves gastrointestinal symptoms (See et al., 2015). Children who
adhere strictly to a gluten-free diet typically have a rapid improve-
ment in gastrointestinal symptoms associated with celiac disease,
such as bloating, diarrhea, stomach discomfort, and weight loss.
They also see an improvement in other symptoms beyond the diges-

tive system, such as anemia, delayed puberty, and stomatitis. Poor

Patients with positive
serology applied with
symptoms (n=506)

'

dietary adherence is linked to inconsistent or nonexistent follow-up
(Mearin et al., 2022). Dietary compliance depends on the success
of the education given to parents of children with CD. In Tirkiye,
GFD compliance was 73.3% in children (Esenyel et al., 2014). Full
compliance with the diet in children remains at a low level of 58.0%.
It is due to reasons such as the fact that gluten-free preferences in
the diet are more unpalatable, the diet limits eating outside, diffi-
culties in accessing gluten-free products, asymptomatic progression
of the disease, social pressures, inadequacies in food labeling, cost,
and transition to adolescence (MacCulloch & Rashid, 2014; Roma
etal., 2010).

Removing gluten sources from the diet leads to changes in the
food structure. In order to preserve the structure of special gluten-
free products, there is often a higher usage of carbohydrates and
fats (Bascunan et al., 2017; Melini & Melini, 2019). However, alter-
ations of the nutritional composition of GFD can be a confounding
factor on the alterations of gut microbiota (Lee & Kao, 2017). GFD
can influence gut microbiota composition, especially alter micro-
bial activity that play roles in starch metabolism in healthy people
(Bonder et al., 2016). However, there is limited study showing gut
microbiota alterations along with associations between diet and
microbiota in children with CD (Soheilian-Khorzoghi et al., 2022;
Zafeiropoulou et al., 2020). Therefore, we aimed to determine al-
terations of gut microbiota and the associations between microbiota
and nutrients under a dietician controlled GFD treatment in children
with CD in this study.

2 | METHOD
2.1 | Study protocol and subjects

The inclusion process is shown in Figure 1. According to paired means
power analysis (Z-test), the sample size was adequate for conduct-
ing the present study (power: 0.99999, : 0.00001, «: 0.05). Eleven
newly diagnosed children with CD (male: 54.5%, female: 45.5%;
mean age: 6.4+2.66, ranged 3-12years) were enrolled in this study
at (Gazi University), Faculty of Medicine, Department of Pediatric

Gastroenterology and Hepatology. CD were diagnosed with positive

Biopsy proven diagnosed

Not meet the inclusion
with celiac disease (n=39) *| criteria (n=18)
Declined to participate (n=3)

Unable to reach (n=1) {
Non-adherent to diet (n=3
on-adherent fo _lt .[n 3 Included to follow-up
Developed complication <+ (n=18)
(n=2)
Antibiotic treatment (n=1) *

Completed the follow-up
(n=11)

FIGURE 1 Flow chart of inclusion to
follow-up.
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serology (positive tissue transglutaminase or antiendomysial antibody
levels with normal total IgA levels) and duodenal biopsy through Marsh
classification according to ESPGHAN criteria (Husby et al., 2012).
Children with chronic iliness and medicine, antibiotic, or probiotic
users at least a month before the study was notincluded. Fecal samples
were collected twice from CD patients before the implementation of
GFD (active state/celiac disease patient group; abbreviated as CD.P in
tables and figures) and after 6-month follow-up under GFD treatment
(inactive state/celiac disease treatment group; abbreviated as CD.T in
tables and figures). All collected fecal samples were stored at -80°C
until DNA extraction. The study protocol was approved by the Clinical
Research Ethics Committee of (Gazi University (date:22/01/2018 and
number:24074710-8/42)) and patients were enrolled in the study

after obtaining informed consent from their parents.

2.2 | Gluten-free diet treatment

A trained dietician assessed the food consumption of each child by
3-day food consumption records. As GFDs can lack certain macro-
and micronutrients such as dietary fiber, plant protein, calcium, iron,
magnesium, and thiamine (Vici et al., 2016), an individual diet was
planned according to the energy and nutrient requirements of each
child with compliance with Turkish Dietary Guideline recommenda-
tions (Basoglu & Tek, 2016) and weekly controls were done to assess
adherence. The controls were conducted by telephone communica-
tion with the caregiver in order to improve adherence to the GFD
(gluten-free diet). All dietary data were analyzed using the Nutrition
Data System (BeBiS 7.0) software containing Turkish food compo-
sition tables. This system presents comprehensive data on both
macro- and micronutrients once the food records entered, specify-
ing the kind and quantity of each food item. Dietary information of

children is shown in Table 2 before and under GFD treatment.

2.3 | DNA extraction, sequencing, and library
preparation

Bacterial DNA was extracted with QuickGene DNA tissue kit
(Kurabo, Osaka/Japan) with the QuickGene-Mini80 instrument
(Kurabo, Osaka/Japan) according to the manufacturer's instruc-
tions. Briefly, 25-mg fecal samples were added to homogenization
tube with 250-pL tissue lysis buffer and homogenized. Then, 25-
pL proteinase K were added and mixed for 60min at 55°C. Then,
samples were centrifuged at 15,000xg for 10min. The superna-
tants were transferred to a microtube and 180-pL lysis buffer was
added and mixed with vortex for 15s and incubated at 70°C for
10min. After incubation, 240-uL ethanol (>99%) was added im-
mediately and mixed with vortex for 15s. Lysates were transferred
to QuickGene cartridges and DNA binding, washing, and elution
were accomplished through pressurization. Finally, DNA was ob-
tained with elution volume of 200pL. Quality of the DNA was as-
sessed with Colibri Microvolume Spectrometer (Berthold Titertek

Instruments, Germany) and Qubit® 2.0 Fluorometer (Thermo
Fisher). Afterwards, sequencing and bioinformatics analyses were
performed by Novogene (Wan Chai, Hong Kong). 16S rRNA genes
of 165V4/16SV3/165V3-V4/16SV4-V5 regions were amplified by
using specific forward (e.g., V4:515F-GTGCCAGCMGCCGCGGTAA)
and reverse (e.g., V4:806R-GGACTACHVGGGTWTCTAAT) primers
with the barcode. Polymerase chain reactions (PCR) were done with
Phusion® High-Fidelity PCR Master Mix (New England Biolabs). All
PCR products were mixed with 1x loading buffer (contained SYB
green) and electrophoresis was carried out on 2% agarose gel for
detection. Later, PCR products were mixed in isodensity ratios and
purified with Qiagen Gel Extraction Kit (Qiagen, Germany). The
analysis was conducted in a single batch and executed to prevent
any technical bias.

NEBNext Ultra DNA Library Pre® Kit for Illumina was used to
prepare sequencing libraries by following the manufacturer's in-
structions. The library quality was assessed on the Qubit® 2.0
Fluorometer and Agilent Bioanalyzer 2100 system. Finally, the li-
brary was sequenced on an lllumina platform and 250bp paired-end

reads were obtained.

2.4 | Bioinformatics and statistical analysis

Using a unique barcode system for the samples, paired-end reads
were merged by FLASH (V1.2.7) (Mago¢ & Salzberg, 2011), and
quality filtering was performed to obtain the high-quality clean
tags according to the QIIME (V1.7.0) (Caporaso et al., 2010).
Sequences with 297% similarity were assigned to the same OTUs.
In order to study phylogenetic relationship of different OTUs, and
the difference of the dominant species in different groups, multiple
sequence alignments were conducted using the MUSCLE software
(Version 3.8.31) (Edgar, 2004). Alpha diversity indices (ACE, Chao1,
Shannon, and Simpson) were calculated by QIIME from rarefied
samples using richness and diversity indices of the bacterial com-
munity. Beta diversity on both weighted and unweighted Unifrac
was calculated by QIIME software (Version 1.7.0). Nonmetric mul-
tidimensional scaling analysis (NDMS) was performed for a bet-
ter representation of nonlinear biological data structure aiming at
overcoming the flaws in methods based on linear model, includ-
ing PCA and PCoA. A t-test was performed to determine species
with significant variation between groups at various taxon ranks.
Species with significant intragroup variation were detected via met-
astats according to their abundance. The significance of observed
abundance's differences among groups was evaluated via multiple
hypothesis test for sparsely-sampled features and false discovery
rate. Clinical, biochemical, and dietary data of the children were
represented as mean + standard deviation. Paired sample t-test was
performed to show dietary differences. Pearson correlation analy-
sis was performed to show the associations between microbiota
and nutrients. The statistical significance level was set as p<.05.
The SPSS statistical software package (Version 22.0) was used for
the analyses.
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3 | RESULTS

Clinical and biochemical parameters of the children before and under
GFD are shown in Table 1. CD serological biomarkers (anti-tTG IgA
and anti-EMA IgA) of the children were negative after 6 months.

In Table 2, meeting adequate intake for dietary energy, fiber, thi-
amine, and calcium of the children were similar before and under
GFD (p>.05). Likewise, energy from carbohydrate, protein, and fat

was not different (p>.05). Only energy percentage from sugar de-

creased under GFD (p=.013).

TABLE 1 Clinical and biochemical parameters of the children

before and under gluten-free diet.
CcDT
Parameters CD.P (n=11) (n=11)
Age (years) (mean+SD and 6.4+2.66(3-12) -
range)
Gender (male/female) 6/5 -
Type of delivery
Vaginal 4 (36.4%) -
Cesarean 7 (63.6%) -
Type of feeding
Breastfeeding 6 (54.5%) -
Breastfeeding +formula 5 (45.5%) -
Biochemical parameters (mean +SD)
Total IgA (mg/dL) 132.2+13.57 N/A
Anti-tTG IgA (U/mL) (n=7) 84.5+32.05 <10
(Negative)
Anti-EMA IgA (U/mL) (n=4) 124.8+32.66 <10
(Negative)
Biopsy classification
Marsh 3a 2 (18.2%) N/A
Marsh 3b 5(45.4%) N/A
Marsh 3c 4 (36.4%) N/A

Abbreviations: CD.P, Celiac disease patients before gluten-free diet;
CD.T, Celiac disease patients under gluten-free diet; EMA, Endomysial
antibody; IgA, Immunoglobulin A; N/A, Not available; tTG, Tissue

transglutaminase.

Dietary parameters CD.P(n=11) CD.T (n=11)
Energy (DRV %) 94.0+19.19 99.2+12.67
Protein (Energy %) 13.2+3.12 13.8+2.99
Fat (Energy %) 37.8+3.63 36.3+5.62
Carbohydrate (Energy %) 48.8+5.62 50.3+8.10
Sucrose (Energy %) 9.9+3.91 6.2+2.12
Dietary fiber (DRV %) 105.5+44.95 99.9+31.65
Thiamine (DRV %) 140.0+59.32 126.8+32.32
Calcium (DRV %) 76.6+43.63 82.7+27.79

In Figure 2a,b, relative abundance of taxon level was shown.

Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, and
Verrucomicrobia were the dominant phylum. There was no significant
difference between CD.P and CD.T at phylum level (p <.05).

No significant change between baseline and follow-up was
observed in alpha diversity indices as shown in Figure 3a-d. For
beta diversity, unweighted and weighted Unifrac distance scores
are shown in Figure 4a,b, respectively. In the active period of the
disease, diversity was higher than the inactive period for both un-
weighted (p=.019) and weighted (p=.021). NDMS plot showed that
separations between active and inactive states of disease started
and stress factor less than 0.2 considered that NMDS is reliable
(Figure 4c).

In Figure 5a, relative abundance of Bacteroides ovatus was sig-
nificantly increased under GFD treatment (p=.014), whereas
Lachnospiraceae UCG-004 were higher in the active state of disease
(p=.014) (Figure 5b). Furthermore, unidentified Lachnospiraceae,
Paeniclostridium, Paraclostridium Peptostreptococcus, and Dielma
were lower in the inactive state of the disease response to GFD
(p<.001) (Figure 6).

In Figure 7a-d, the correlation heat map of the relationships
between nutrients and relative abundance of bacterial genera and
species of CD.P and CD.T is given in detail. The relationships differ

according to groups.

4 | DISCUSSION

In the present study, we followed 11 newly diagnosed children
with CD for 6 months under a strictly controlled GFD treatment.
The most important results of the study were: (1) Beta diversity
analysis pointed out a difference in fecal microbiota composition
between active (CD.P) and inactive (CD.T) states of the disease
with a higher diversity in active state. NMDS plot suggested that
the differences began to appear and reliable. (2) At genus level,
unidentified Lachnospiraceae, Paeniclostridium, Paraclostridium
Peptostreptococcus, and Dielma exist at the active state; but are
almost absent at the inactive state of the disease. (3) We found

that Bacteroides ovatus relative abundance increased under GFD

TABLE 2 Dietary energy and nutrient
intake of children before and under
.348 gluten-free diet (mean+SD).

404
1400
430
.006*
751
.546
.644

p Value

Abbreviations: CD.P, Celiac disease patient group (before gluten-free diet); CD.T, Celiac disease
treatment group (under gluten-free diet); DRV, Dietary reference value.

*p<.05.
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treatment whereas Lachnospiraceae UCG-004 relative abundance
decreased. (4) Microbiota and nutrient associations were diverse at
the different states of the disease.

We found higher microbial diversity at the initial state of
CD. Likewise, previous studies showed an increased diversity at
the beginning of CD (Sanchez et al., 2013; Schippa et al., 2010).
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Schippa et al. suggested that mucosal alterations could be one
of the reasons for the decreased diversity under GFD (Schippa
et al,, 2010). On the other hand, potential harmful bacterial
growth may be another explanation for this pattern (Caminero
et al, 2015; Sanchez et al., 2013). In the present study, we showed
less abundant genera such as unidentified Lachnospiraceae,

p--Actinobacteria

il

p.-F\\'\'“. cutes _— o

FIGURE 2 (a, b) Relative bacterial abundances of CD.P (a) and CD.T (b) groups. The size of the rings indicates the abundance of the
dominant species. Each different color represents a different phylum. The taxon with the highest relative abundance of these phyla is
plotted with small filled circles. CD.P, Celiac disease patient group (before gluten-free diet); CD.T, Celiac disease treatment group (under

gluten-free diet).
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FIGURE 2 (Continued)

Paeniclostridium, Dielma, Paraclostridium, and Peptostreptococcus
relative abundances were significantly higher in active state of
disease. Unidentified Lachnospiraceae genus belongs to Firmicutes
phylum, Clostridia class, Clostridiales order, and Lachnospiraceae
family. In an animal study, unidentified Lachnospiraceae contrib-
uted to oxidative stress (Ma et al., 2019). Recently, the relative
abundance of unidentified Lachnospiraceae has been reported
in children with autism spectrum disorder (Jin et al., 2019) and

type 2 diabetes mellitus (Kim et al., 2022). Dielma belongs to
Firmicutes phylum, Erysipelotrichia class, Erysipelotrichales order,
and Erysipelotrichaceae family. This family is closely related to
inflammation, particularly increased TNF-a levels, Crohn's dis-
ease, and colorectal cancer (Kaakoush, 2015). Paeniclostridium,
Paraclostridium, and Peptostreptococcus genera are members of
the Firmicutes phylum, Clostridia class, Clostridiales order, and
Peptostreptococcaceae family. It has been reported that some
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FIGURE 3 (a-d) Alpha diversity: ACE (a), Chao1 (b), Shannon (c), and Simpson (d) of CD.P and CD.T groups. CD.P, Celiac disease patient
group (before gluten-free diet); CD.T, Celiac disease treatment group (under gluten-free diet).

strains of Paeniclostridium sordellii (Clostridium sordellii) can be
found in the gastrointestinal tract with Clostridium difficile with-
out causing any symptoms; however, it is mostly responsible for
soft tissue infections (Scaria et al., 2015). Some strains belonging
to the genus Paraclostridium have been shown to worsen patho-
genesis by increasing TNF-a, IL-16, IL-1, and IL-17 expressions in
the mouse-induced ulcerative colitis model (Kutsuna et al., 2018).
Likewise, the relative abundance of Peptostreptococcus has been
reported to be high in children with Crohn's disease in a recent
study (El Mouzan et al., 2018). In a previous study, species be-
longing to Peptostreptococcus were associated with dysbiosis in
ulcerative colitis (Rajili¢-Stojanovi¢ et al., 2013). The possible roles
of these genera in the pathogenesis of CD may be related with in-
flammation. However, it should be further evaluated whether their
existence causes dysbiosis or consequences of dysbiosis.

Bacteroides is one of the most associated genus with CD. To date,
especially, in the active period of the disease, alterations in var-
ious species belonging to this genus have been reported (Collado
et al., 2007, 2009; Sanchez et al., 2010; Schippa et al., 2010). In the
studies by Sanchez et al. (2010, 2012) Bacteroides ovatus had lower
levels in the active period of CD in children. In support of these
studies, we found that the relative abundance of Bacteroides ova-
tus increased under GFD treatment. Bacteroides is one of the most
dominant genera in the human intestinal system, and the Bacteroides
ovatus is a symbiotic member of the human gastrointestinal tract
with immunoregulatory effects. Furthermore, Bacteroides ovatus
was responsible for increased serum antibody responses in inflam-
matory bowel diseases (Saitoh et al., 2002) or considering a possible
diagnostic microorganism; (Wiredu Ocansey et al., 2023) however, it
has not been established whether Bacteroides ovatus directly affects
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FIGURE 4 (a-c)Beta diversity: Unweighted unifrac (a) and unweighted unifrac (b) distances and nonmetric multidimensional scaling plot
(c) of CD.P and CD.T groups. CD.P, Celiac disease patient group (before gluten-free diet); CD.T, Celiac disease treatment group (under gluten-

free diet) of CD.P and CD.T groups.

the pathogenesis of the CD. On one hand, it has been shown that
Bacteroidetes was more numerous in the group of CD patients on
GFD (Kaliciak et al., 2022). On the other hand, Bacteroides ovatus
was more abundant in nonceliac controls (Sanchez et al., 2010).
In a recent study, Bacteroides ovatus strains induce a shift in mice
from being poor producers of IgA to becoming high producers of
IgA (Yang et al., 2020). This could help the mucosal healing in CD.
There is evidence showing decreased mucosal inflammation of the
Bacteroides ovatus ATCC 8384 monotherapy in marine colitis model
(Ihekweazu et al., 2019) and promotion of IL-22 production via den-
dritic cell differentiation (Ihekweazu et al., 2021).

In this study, the relative abundance of Lachnospiraceae UCG-004
decreased under GFD. Given the fact that Lachnospiraceae species
are among the main producers of short-chain fatty acids, they are
also associated with different gastrointestinal diseases including in-
flammatory bowel disease and Crohn's disease (Vacca et al., 2020).
In a recent study, the Lachnospiraceae UCG-004 has been increased
in patients with cervical cancer (Wang, Wang, et al.,, 2019) and

decreased in advanced coronary artery disease patients (Toya
et al., 2020). Therefore, the role of the taxa on inflammation may be
the explanation for decreased Lachnospiraceae UCG-004 abundance
under GFD. Another explanation can be the altered dietary compo-
sition of the CD patients. Altered levels of the Lachnospiraceae UCG-
004 were shown in response to a 6-day lifestyle-based intervention
including increased whole foods, plant-based foods, and decreased
sugar, salt, and oil (Ahrens et al., 2021). However, in a twin study,
there was no relationship between the nutrients and Lachnospiraceae
UCG-004 even though the intratwin Lachnospiraceae UCG-004
abundances were different (Matsumoto et al., 2021). Supported that
we did not find any association between the nutrient intakes and
Lachnospiraceae UCG-004 in both CD.P and CD.T groups.

Most studies have pointed out that children with CD have re-
duced Lactobacillus and Bifidobacterium species compared to the
controls (Collado et al., 2008, 2009). The inflammation-reducing
activities of strains belonging to these species are also behind
probiotic-based therapies (Hakansson et al., 2019). In this study, no
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significant differences were found between the relative abundance
of Lactobacillus and Bifidobacterium genera; however, when the
actual abundances were evaluated, higher counts of Lactobacillus
(CD.P:35.5+31.12 vs. CD.T: 18.4 + 3.98, p>.05) and Bifidobacterium
(CD.P:2417.4 +1959.78 vs. CD.T: 1521.5+2590.92, p > .05) were ob-
served before GFD. It is noteworthy that dietary alterations after
GFD can be a decreasing factor for these species as discussed at
following of the discussion.

The gut microbiome has significant functions in human phys-
iology. It synthesizes vitamins, aids in food digestion, maintains

the structural integrity of the gut mucosal barrier to prevent the
growth of harmful pathogens, facilitates communication between
the gut and brain, and enhances the immune system to promote
overall health (Sacchetti & Nardelli, 2020). Dietary composition
has certain effects on gut microbiota. Microbiota-accessible car-
bohydrates (MACs) refer to dietary carbohydrates that escape
digestion but can be metabolized by members of the microbiota,
as well as all carbohydrate sources that can be produced by the
host or host-derived microbiota. Dietary MACs can be of plant
or animal origin, are utilized by the gut microbiota as an energy

510117 SUOLLILIOD SA1IE1D 3|eatdde aU) Aq pouBA0B 2. SIPILE YO 88N JO S9N 10} ARRIG 1T 8UIIUO AB]IM UO (SUONIPUOD-PLE-SLLLBLIOD" B |1 ARG PUIUO//'SANY) SUONIPUO P SWiS | 31 305 *[1202/0T/T0] Uo AI1T8UIIUO /B1IM IGeIY IpMeS aLeIp0D AQ LEEY"EUS)Z00T OT/10p/LI0D B |1 AIRIq1 U1 lUO//'Sc1y WOl Papeojumoq ‘0 *LLT/870Z



ERTAS OZTURK ET AL.

HWI LEY-

source and are known to be substrates for the synthesis of short-
chain fatty acids (SCFAs). Acetate, propionate, and butyrate,
which are formed by metabolizing carbohydrates, are known to
contribute to the maintenance of intestinal health by prevent-
ing inflammation and apoptosis as well as being used as energy
sources for host cells (Ayakdas & Agagiindiiz, 2023). Bacteroides,
Prevotella, Parabacteroides, and Alistipes genera belonging to the
Bacteroidetes phylum are known to utilize carbohydrates inten-
sively in the human gut microbiota (Kaoutari et al., 2013). Among
Firmicutes phylum especially Ruminococcaceae family mostly uti-
lize insoluble fiber sources (wheat bran, etc.) or resistant starch
(Gu et al., 2010; Ze et al., 2012).

In several studies, gut microbiota alterations occurred in re-
sponse to GFD in healthy subjects (De Palma et al., 2009; Hansen
et al., 2018). In this study, we found significant associations between
several taxa and especially macronutrient consumption in both
CD.P and CD.T groups. However, the associations did not maintain
as same, suggesting that utilization of the nutrients may be altered
with differences in the microbiota composition under GFD. There
is limited study to examine associations between nutrients and
microbiota alterations under GFD in CD patients. However, in a
study, meat and bean consumptions of CD patients were associated
with decreased Firmicutes and Lactobacillus (Soheilian-Khorzoghi
et al., 2022). In the present study, we found a negative relationship
between fat intake of the children under GFD and the relative abun-
dances of the Bifidobacterium genus (Figure 7b) and Bifidobacterium
adolescentis (Figure 7d). Supported that high-fat diets are linked with
decreased Bifidobacterium in conditions such as diabetes and obesity
(Chen et al., 2023).

In the present study, positive correlations between fiber in-
take and Ruminococcaceae UCG.005 genera, Anaerostipes hadrus,
Parabacteroides distasonis species, and negative correlations be-
tween the relative abundance of Erysipelatoclostridium ramosum spe-
cies were found (Figure 7b,d). Many species of the Ruminococcaceae
family are known to degrade carbohydrates (Flint et al., 2012).
Likewise, Anaerostipes hadrus is a butyrate producer that has been
found to increase with the resistant starch content of the diet
(Trachsel et al., 2019). Parabacteroides distasonis has been reported
to be protective against obesity and metabolic dysfunction and to
modulate the host's gut microbiota through succinate and second-
ary bile acid production (Wang, Liao, et al., 2019). Therefore, it was
thought that the increase of these genera and species contributing
to butyrate production in children after diet should be supported
by fiber intake. Since it is known that the relative abundance of

the Erysipelotrichaceae family increases in inflammation-mediated

gastrointestinal system diseases (Kaakoush, 2015), the decrease
in their relative abundance with fiber intake may be considered
positive.

The relative abundance of the genus Lachnoclostridium in the mi-
crobiota of children following a gluten-free diet was found to be in-
versely correlated with carbohydrate intake and inversely correlated
with fat, protein, vegetable protein, and iron intake (Figure 7b). This
genus belonging to the Lachnospiraceae family has been shown to
induce obesity in sterile ob/ob mice and to be involved in the devel-
opment of diabetes (Kameyama & Itoh, 2014). In another study, it
was reported that the relative abundance of Lachnoclostridium con-
tributed to dysbiosis and was positively correlated with IL-6, TNF-«a
and cholesterol levels in mice with a high-fat diet and nonalcoholic
fatty liver disease model (Tang et al., 2018). Therefore, in this study,
it was observed that fat intakes, which could not be reduced with
the gluten-free diet compared to before, still continued to increase
the relative abundance of a genus that can trigger inflammation.
Therefore, it can be concluded that fat and protein intakes should be
reduced, and carbohydrate sources should be diversified. In support
of this view, it has been shown that increasing the carbohydrate and
fiber content of the diet from alternative cereals (such as quinoa,
brown rice, gluten-free rye flour, pea flour, and oats) in adult indi-
viduals receiving low-gluten dietary interventions resulted in reduc-
tions in the Lachnospiraceae family (Hansen et al., 2018).

It has been shown that high-fat diets (40% and above) can cause a
decreaseinthe Bacteroidetes phylumandanincreaseinthe Firmicutes
and Proteobacteria phyla in mice (Ramos-Romero et al., 2018). Germ-
free mice are resistant to the metabolic consequences of dietary
fats, so metabolic dysfunctions due to fat intake may occur through
the microbiota (Rabot et al., 2010). Increased dietary saturated fatty
acid content has been shown to increase fat-induced inflammation
by reducing phylogenetic diversity (Martinez-Guryn et al., 2018).
This study found that Tyzzerella 4 was associated with fat intake in
the same direction in the CD.P group (Figure 7a). In one study, the
genus Tyzzerella 4 was associated with an increased lifetime risk of
cardiovascular disease (Kelly et al., 2016) and in another study with
oxidative stress (Zhao, Ou, et al., 2018). In CD, gluten is known to
cause oxidative stress and trigger inflammation in the intestine, lead-
ing to damage (Ferretti et al., 2012). In the present study, it was found
that the genus Fusicatenibacter increased with both increased total
fat intakes and saturated fat intakes (Figure 7a). It has been reported
that the genus Fusicatenibacter is influenced by dietary fat intake
and its relative abundance increased in rats fed a high-fat diet in an
experimental animal study (Huang et al., 2016). Furthermore, the

genus Fusicatenibacter has been shown to have an increased relative

FIGURE 7 (a-d) Heat map showing associations between relative bacterial abundance at genus and species level with nutrients.
Associations between genus and nutrients in CD.P (a), Associations between genus and nutrients in CD.T (b), Associations between species
and nutrients in CD.P (c), Associations between species and nutrients in CD.T (d). Values are correlation coefficients. The heat map is color
coded by correlation (red for positive and blue for negative correlations). (*) p<.05 and (**) p<.01. A.prot, Animal protein (g); Ca, Calcium
(mg); CHO, Carbohydrate (energy%); Fat, Fat (energy%); Fe, Iron (mg); K, Potassium (mg); P.prot, Plant protein (g); Protein, Protein (energy%);
SFA, Saturated fatty acids (energy%), Fiber (g); Sucrose, Sucrose (energy%).
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abundance in patients with the autoimmune disease Hashimoto's thy-
roiditis and is a biomarker for this disease (Zhao, Feng, et al., 2018).
It is interesting that high fat intake contributes to the increase in this
genus, as well as its possible association with autoimmune diseases.
In this study, the genus Ruminococcus gnavus group was also found
to be associated with dietary fat intakes (Figure 7a). This genus has
recently been reported in the literature as a genus associated with
inflammatory bowel diseases (Hall et al., 2017; Schirmer et al., 2019).
Recently, Ruminococcus gnavus species has been shown to produce
and secrete a complex glucorhamnan polysaccharide that induces
inflammation in Crohn's disease by contributing to TNF-«a release
(Henke et al., 2019).

In the study, it was found that dietary protein intake was pos-
itively correlated with the genus Holdemanella belonging to the
family Erysipelotrichaceae, while plant protein intake was in-
versely correlated with the genus Erysipelatoclostridium and
Erysipelatoclostridium ramosum (Figure 7a). It was also found
that an increase in animal protein intake caused a decrease in
Akkermansia genus and Akkermansia muciniphila (Figure 7a,c). The
Erysipelotrichaceae family has been reported to have increased rel-
ative abundance in inflammation-mediated gastrointestinal tract dis-
eases (Kaakoush, 2015). At the same time, in a study comparing the
groups given milk protein and soy protein by simulating Western-
style nutrition in experimental animals, it was shown that the rela-
tive abundance of Erysipelotrichaceae was higher in the group given
milk protein (Butteiger et al., 2015). In recent years, it has been re-
ported that Akkermansia genus and Akkermansia muciniphila, which
are closely related to changes in body weight, also play a role in mod-
ulating the host immune system (Ansaldo et al., 2019). Thus, in the
presence of CD, the relative abundance of Erysipelotrichaceae may
be increased in relation to total protein intakes; however, the type of
protein is important.

The strength of the present study is the prospective follow-up
of the cohort and controlled dietary treatment. This report rep-
resents the 6-month microbial alterations of the gut within the
negative serology. The follow-up decreased the bias and provided
genetic and environmental control. The relatively small sample,
and the lack of control group may be the main limitations of this
study. However, because genetic and environmental factors highly
shape the gut microbiota, it is a great challenge to compare chil-
dren with CD and healthy pairs. In most studies, comparisons of
CD patients under GFD with a control group who did not have
CD, however, needed endoscopy for some reason (functional dys-
pepsia, gastroesophageal reflux, etc.) (Cheng et al., 2013; Sanchez
etal., 2013; Schippa et al., 2010). In addition to the methodological
differences between the studies, the dietary pattern, which was
not evaluated in almost any study, may also be effective in not
determining a CD-specific gut microbiota. In this study, patients
were followed longitudinally, dietary patterns were evaluated, and
associated microbial changes are thought to ensure that the differ-
ences obtained before and after the diet are reliable. In the present
study, the 16 s rRNA amplicon sequencing method was chosen for
the microbiota analysis. This method provides most of the results

among studies in patients with CD (Sacchetti & Nardelli, 2020).
It is important to acknowledge several limitations when compar-
ing to the whole genome shotgun sequencing. Whole genome
sequencing offers improved identification of bacterial species,
heightened detection of genetic variation, and greater gene pre-
diction capabilities (Ranjan et al., 2016). However, the 16s rRNA
is a short and conserved gene specific to bacterial genus and the
species, economical, and widely used option. The V4/V3/V3-V4/
V4-V5 partial regions have been shown as good choices for bacte-
rial analysis (Kim et al., 2011; Yang et al., 2016).

5 | CONCLUSIONS

The present study qualified the gut microbiota of children with CD
under a well-controlled dietary follow-up. In conclusion, 6 months
under GFD treatment provided negative serology. However, it was
insufficient to observe distinct microbiota pattern in CD patients,
although resulted in a reliable difference in gut microbiota. Presence
or absence situation of minor bacteria may have a role in CD patho-
genesis. We showed different associations between gut microbiota
and diet. These may be a reason for the gut microbiota alterations
as well. Future studies may be focused on the following directions:
(1) The minor bacteria alterations should be investigated whether a
cause or consequence in CD. (2) Possible diagnostic, prognostic role
of the Bacteroides ovatus can be investigated since the evidence on
its anti-inflammatory effects growing. (3) The genus Lachnospiraceae
should be studied in patients with CD to enlighten the mechanistic
role of its species on CD. (4) Further larger longitudinal studies are
needed to provide data on how environmental factors such as die-

tary intake can interact with gut microbiota and inflammation in CD.

AUTHOR CONTRIBUTIONS

Yasemin Ertas Oztiirk: Conceptualization (equal); data curation
(lead); formal analysis (lead); investigation (lead); methodology
(equal); writing - original draft (lead); writing - review and editing
(equal). Efsun Karabudak: Conceptualization (equal); methodology
(equal); project administration (lead); writing - review and editing
(equal). Odiil Egritas Giirkan: Conceptualization (equal); data cura-
tion (supporting); methodology (equal); project administration (sup-
porting); writing - review and editing (supporting). Buket Dalgig:
Data curation (supporting); project administration (supporting);

writing - review and editing (supporting).

ACKNOWLEDGMENTS

We would like to thank Prof. Dr. Sinan Sari for his support, Hakan
Ozturk (MD), and nurse Dilek Korcam for their devoted work on en-
doscopy, and Samet Ece, Mucahit Kaya for their technical support in

the analyses of fecal microbiota.

FUNDING INFORMATION
This study was supported by Gazi University, Scientific Research
Projects Unit with project number 47/2019-02.

B5UBD17 SUOLULLOD AR B|0ed! [dde 8U) Aq pauLBA0B 8.2 SaRILE YO B8N J0 S9INI 10} AfeIq 1 BUIIUO AB]IA UO (SUOIPUOD-PUR-SULLBH D" AB | 1M ARe.d] 18U UO//SANY) SUORIPUOD Pue SWd | 3U) 835 *[7202/0T/T0] U0 A%eiqi T auliuo Ao|im eldely IpMes aue.uo0D Ag LEr"EUS}/Z00T OT/I0p/u0d 45| 1M Afeuq|1Bul|UO//SANY W0y papeo|umod ‘0 ‘LLT.8Y0Z



ERTAS OZTURK ET AL.

il—Wl LEY-

CONFLICT OF INTEREST STATEMENT

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
The datasets generated during and/or analyzed during the current
study are available from the corresponding author on reasonable

request.

ETHICAL APPROVAL

The study protocol was approved by the Clinical Research Ethics
Committee of Gazi University (date: 22/01/2018 and number:
24074710-8/42).

CONSENT STATEMENT
Written consents of all parents were taken and ethical approval was

obtained from Gazi University, Clinical Research Ethics Committee.

ORCID

Yasemin Ertas Oztiirk (2 https://orcid.org/0000-0002-8232-103X
Efsun Karabudak "= https://orcid.org/0000-0002-4210-1657
Odiil Egritas Giirkan ' https://orcid.org/0000-0003-0230-7551
Buket Dalgi¢ " https://orcid.org/0000-0003-4678-8764

REFERENCES

Ahrens, A. P., Culpepper, T., Saldivar, B., Anton, S., Stoll, S., Handberg,
E. M., Xu, K., Pepine, C., Triplett, E. W., & Aggarwal, M. (2021). A
six-day, lifestyle-based immersion program mitigates cardiovas-
cular risk factors and induces shifts in gut microbiota, specifically
Lachnospiraceae, Ruminococcaceae, Faecalibacterium prausnitzii:
A pilot study. Nutrients, 13(10), 3459.

Akobeng, A. K., Singh, P., Kumar, M., & Al Khodor, S. (2020). Role of the
gut microbiota in the pathogenesis of coeliac disease and poten-
tial therapeutic implications. European Journal of Nutrition, 59(8),
3369-3390.

Ansaldo, E., Slayden, L. C., Ching, K. L., Koch, M. A, Wolf, N. K., Plichta, D.
R., Brown, E. M., Graham, D. B., Xavier, R. J., Moon, J. J., & Barton,
G. M. (2019). Akkermansia muciniphila induces intestinal adaptive im-
mune responses during homeostasis. Science, 364(6446), 1179-1184.

Ayakdas, G., & Agagiindiiz, D. (2023). Microbiota-accessible carbohy-
drates (MACs) as novel gut microbiome modulators in noncommu-
nicable diseases. Heliyon, 9(9), €19888.

Bascunan, K. A, Vespa, M. C., & Araya, M. (2017). Celiac disease:
Understanding the gluten-free diet. European Journal of Nutrition,
56(2), 449-459.

Basoglu, S., & Tek, N. A. (Eds.). (2016). Appendixes. In Turkey dietary
guidelines (pp. 140-288). Ministry of Health of Turkey Publication
No: 1046.

Bonder, M. J., Tigchelaar, E. F., Cai, X., Trynka, G., Cenit, M. C.,
Hrdlickova, B., Zhong, H., Vatanen, T., Gevers, D., Wijmenga, C.,
Wang, Y., & Zhernakova, A. (2016). The influence of a short-term
gluten-free diet on the human gut microbiome. Genome Medicine,
8(1), 45.

Butteiger, D. N., Hibberd, A. A., McGraw, N. J., Napawan, N., Hall-Porter,
J. M., &Krul, E. S. (2015). Soy protein compared with milk protein in
a western diet increases gut microbial diversity and reduces serum
lipids in golden Syrian hamsters. The Journal of Nutrition, 146(4),
697-705.

Caminero, A., Nistal, E., Herran, A. R., Pérez-Andrés, J., Ferrero, M. A.,
Vaquero Ayala, L., Vivas, S., Ruiz de Morales, J. M. G., Albillos, S. M.,

& Casqueiro, F. J. (2015). Differences in gluten metabolism among
healthy volunteers, coeliac disease patients and first-degree rela-
tives. British Journal of Nutrition, 114(8), 1157-1167.

Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F.
D., Costello, E. K., Fierer, N., Pefia, A. G., Goodrich, J. K., Gordon,
J. |, Huttley, G. A,, Kelley, S. T., Knights, D., Koenig, J. E., Ley, R.
E., Lozupone, C. A., McDonald, D., Muegge, B. D., Pirrung, M., ...
Knight, R. (2010). QIIME allows analysis of high-throughput com-
munity sequencing data. Nature Methods, 7(5), 335-336.

Chander, A. M., Yadav, H., Jain, S., Bhadada, S. K., & Dhawan, D. K. (2018).
Cross-talk between gluten, intestinal microbiota and intestinal mu-
cosa in celiac disease: Recent advances and basis of autoimmunity.
Frontiers in Microbiology, 9, 2597.

Chen, J., Xiao, Y., Li, D., Zhang, S., Wu, Y., Zhang, Q., & Bai, W. (2023).
New insights into the mechanisms of high-fat diet mediated gut mi-
crobiota in chronic diseases. iMeta, 2(1), e69.

Cheng, J., Kalliomaki, M., Heilig, H. G., Palva, A., Ldhteenoja, H., de Vos,
W. M., Salojarvi, J., & Satokari, R. (2013). Duodenal microbiota com-
position and mucosal homeostasis in pediatric celiac disease. BMC
Gastroenterology, 13, 113-126.

Collado, M. C., Calabuig, M., & Sanz, Y. (2007). Differences between the
fecal microbiota of coeliac infants and healthy controls. Current
Issues in Intestinal Microbiology, 8(1), 9-14.

Collado, M. C,, Donat, E., Ribes-Koninckx, C., Calabuig, M., & Sanz, Y.
(2008). Imbalances in faecal and duodenal Bifidobacterium spe-
cies composition in active and non-active coeliac disease. BMC
Microbiology, 8, 1-9.

Collado, M. C,, Donat, E., Ribes-Koninckx, C., Calabuig, M., & Sanz, Y.
(2009). Specific duodenal and faecal bacterial groups associated
with paediatric coeliac disease. Journal of Clinical Pathology, 62(3),
264-269.

Dalgic, B., Sari, S., Basturk, B., Ensari, A., Egritas, O., Bukulmez, A.,
Baris, Z., & Turkish Celiac Study Group. (2011). Prevalence of ce-
liac disease in healthy Turkish school children. American Journal of
Gastroenterology, 106(8), 1512-1517.

De Palma, G., Nadal, 1., Collado, M. C., & Sanz, Y. (2009). Effects of a
gluten-free diet on gut microbiota and immune function in healthy
adult human subjects. British Journal of Nutrition, 102(8), 1154-1160.

Edgar, R. C. (2004). MUSCLE: Multiple sequence alignment with high
accuracy and high throughput. Nucleic Acids Research, 32(5),
1792-1797.

El Mouzan, M. |, Winter, H. S., Assiri, A. A., Korolev, K. S., Al Sarkhy, A.
A., Dowd, S. E., Al Mofarreh, M. A., & Menon, R. (2018). Microbiota
profile in new-onset pediatric Crohn's disease: Data from a non-
Western population. Gut Pathogens, 10(1), 4959.

Esenyel, S., Unal, F., & Vural, P. (2014). Depression and anxiety in child
and adolescents with follow-up celiac disease and in their families.
The Turkish Journal of Gastroenterology, 25(4), 381-385.

Ferretti, G., Bacchetti, T., Masciangelo, S., & Saturni, L. (2012). Celiac dis-
ease, inflammation and oxidative damage: A nutrigenetic approach.
Nutrients, 4(4), 243-257.

Flint, H. J., Scott, K. P., Duncan, S. H., Louis, P., & Forano, E. (2012).
Microbial degradation of complex carbohydrates in the gut. Gut
Microbes, 3(4), 289-306.

Gu, Y., Ding, Y., Ren, C,, Sun, Z., Rodionov, D. A., Zhang, W.,, Yang, S.,
Yang, C., & Jiang, W. (2010). Reconstruction of xylose utilization
pathway and regulons in Firmicutes. BMC Genomics, 11, 255.

Hakansson, A., Aronsson, C., Brundin, C., Oscarsson, E., Molin, G.,
& Agardh, D. (2019). Effects of Lactobacillus plantarum and
Lactobacillus paracasei on the peripheral immune response in chil-
dren with celiac disease autoimmunity: A randomized, double-
blind, placebo-controlled clinical trial. Nutrients, 11, 1925.

Hall, A. B., Yassour, M., Sauk, J., Garner, A., Jiang, X., Arthur, T., Lagoudas,
G. K., Vatanen, T., Fornelos, N., Wilson, R., Bertha, M., Cohen,
M., Garber, J., Khalili, H., Gevers, D., Ananthakrishnan, A. N,

B5UBD17 SUOLULLOD AR B|0ed! [dde 8U) Aq pauLBA0B 8.2 SaRILE YO B8N J0 S9INI 10} AfeIq 1 BUIIUO AB]IA UO (SUOIPUOD-PUR-SULLBH D" AB | 1M ARe.d] 18U UO//SANY) SUORIPUOD Pue SWd | 3U) 835 *[7202/0T/T0] U0 A%eiqi T auliuo Ao|im eldely IpMes aue.uo0D Ag LEr"EUS}/Z00T OT/I0p/u0d 45| 1M Afeuq|1Bul|UO//SANY W0y papeo|umod ‘0 ‘LLT.8Y0Z


https://orcid.org/0000-0002-8232-103X
https://orcid.org/0000-0002-8232-103X
https://orcid.org/0000-0002-4210-1657
https://orcid.org/0000-0002-4210-1657
https://orcid.org/0000-0003-0230-7551
https://orcid.org/0000-0003-0230-7551
https://orcid.org/0000-0003-4678-8764
https://orcid.org/0000-0003-4678-8764

ERTAS OZTURK ET AL.

Kugathasan, S., Lander, E. S., Blainey, P,, ... Huttenhower, C. (2017).
A novel Ruminococcus gnavus clade enriched in inflammatory bowel
disease patients. Genome Medicine, 9(1), 103.

Hansen, L. B., Roager, H. M., Sgndertoft, N. B., Ggbel, R. J., Kristensen,
M., Vallés-Colomer, M., Vieira-Silva, S., Ibrigger, S., Lind, M. V.,
Maerkedahl, R. B., Bahl, M. ., Madsen, M. L., Havelund, J., Falony, G.,
Tetens, I., Nielsen, T., Allin, K. H., Frandsen, H. L., Hartmann, B., ...
Pedersen, O.(2018). A low-gluten diet induces changes in the intes-
tinal microbiome of healthy Danish adults. Nature Communications,
9(1), 4630.

Henke, M. T,, Kenny, D. J., Cassilly, C. D., Vlamakis, H., Xavier, R. J., &
Clardy, J. (2019). Ruminococcus gnavus, a member of the human gut
microbiome associated with Crohn's disease, produces an inflam-
matory polysaccharide. National Academy of Sciences of the United
States of America, 116(26), 12672-12677.

Huang, J., Lin, X., Xue, B., Luo, J., Gao, L., Wang, Y., Ou, S., & Peng, X.
(2016). Impact of polyphenols combined with high-fat diet on rats'
gut microbiota. Journal of Functional Foods, 26, 763-771.

Husby, S., Koletzko, S., Korponay-Szabo, I., Mearin, M. L., Phillips, A.,
Shamir, R., Troncone, R., Giersiepen, K., Branski, D., Catassi, C.,
Lelgeman, M., Maki, M., Ribes-Koninckx, C., Ventura, A., Zimmer,
K. P., ESPGHAN Working Group on Coeliac Disease Diagnosis,
ESPGHAN Gastroenterology Committee, & European Society for
Pediatric Gastroenterology, Hepatology, and Nutrition. (2012).
European Society for Pediatric Gastroenterology, Hepatology, and
Nutrition guidelines for the diagnosis of coeliac disease. Journal of
Pediatric Gastroenterology and Nutrition, 54(1), 136-160.

lhekweazu, F. D., Engevik, M. A, Ruan, W., Shi, Z., Fultz, R., Engevik, K. A.,
Chang-Graham, A. L., Freeborn, J., Park, E. S., Venable, S., Horvath,
T. D., Haidacher, S. J., Haag, A. M., Goodwin, A., Schady, D. A.,
Hyser, J. M., Spinler, J. K., Liu, Y., & Versalovic, J. (2021). Bacteroides
ovatus promotes IL-22 production and reduces trinitrobenzene
sulfonic acid-driven colonic inflammation. The American Journal of
Pathology, 191(4), 704-719.

lhekweazu, F. D., Fofanova, T. Y., Queliza, K., Nagy-Szakal, D., Stewart,
C. J., Engevik, M. A,, Hulten, K. G., Tatevian, N., Graham, D. Y.,
Versalovic, J., Petrosino, J. F., & Kellermayer, R. (2019). Bacteroides
ovatus ATCC 8483 monotherapy is superior to traditional fecal
transplant and multi-strain bacteriotherapy in a murine colitis
model. Gut Microbes, 10(4), 504-520.

Jin, J., Ma, B,, Liang, J., Dai, M., Wang, J., Luo, J., & Zhang, Z. (2019).
Altered gut microbiota in Chinese children with autism spectrum
disorders. Frontiers in Cellular and Infection Microbiology, 9, 40.

Kaakoush, N. O. (2015). Insights into the role of Erysipelotrichaceae in the
human host. Frontiers in Cellular and Infection Microbiology, 5, 84.

Kaliciak, I., Drogowski, K., Garczyk, A., Koped¢, S., Horwat, P., Bogdanski,
P., Stelmach-Mardas, M., & Mardas, M. (2022). Influence of gluten-
free diet on gut microbiota composition in patients with coeliac dis-
ease: A systematic review. Nutrients, 14(10), 2083.

Kameyama, K., & Itoh, K. (2014). Intestinal colonization by a
Lachnospiraceae bacterium contributes to the development of di-
abetes in obese mice. Microbes and Environments, 29(4), 427-430.

Kaoutari, A. E., Armougom, F., Gordon, J. I., Raoult, D., & Henrissat, B.
(2013). The abundance and variety of carbohydrate-active en-
zymes in the human gut microbiota. Nature Reviews Microbiology,
11(7), 497-504.

Kelly, T. N., Bazzano, L. A., Ajami, N. J., He, H., Zhao, J., Petrosino, J. F.,
Correa, A., & He, J. (2016). Gut microbiome associates with lifetime
cardiovascular disease risk profile among Bogalusa heart study par-
ticipants. Circulation Research, 119(8), 956-964.

Kim, K., Lee, S., Park, S.-C., Kim, N. E., Shin, C,, Lee, S. K., Jung, Y., Yoon,
D., Kim, H., Kim, S., Hwang, G. S., & Won, S. (2022). Role of an un-
classified Lachnospiraceae in the pathogenesis of type 2 diabetes:
A longitudinal study of the urine microbiome and metabolites.
Experimental & Molecular Medicine, 54(8), 1125-1132.

-Wi LEYJj

Kim, M., Morrison, M., & Yu, Z. (2011). Evaluation of different partial 16S
rRNA gene sequence regions for phylogenetic analysis of microbi-
omes. Journal of Microbiological Methods, 84(1), 81-87.

Kutsuna, R., Tomida, J., Morita, Y., & Kawamura, Y. (2018). Paraclostridium
bifermentans exacerbates pathosis in a mouse model of ulcerative
colitis. PLoS One, 13(5), e0197668.

Lebwohl, B., Ludvigsson, J. F., & Green, P. H. (2015). Celiac disease
and non-celiac gluten sensitivity. British Medical Journal, 351,
4347-4360.

Lee, G. J., & Kao, J. Y. (2017). Recent advances in pediatric celiac disease.
Expert Review of Gastroenterology & Hepatology, 11(6), 583-592.

Lionetti, E., Gatti, S., Pulvirenti, A., & Catassi, C. (2015). Celiac dis-
ease from a global perspective. Best Practice & Research Clinical
Gastroenterology, 29(3), 365-379.

Lupu, V. V., Trandafir, L. M., Raileanu, A. A., Mihai, C. M., Morariu, I.
D., Starcea, |I. M., Mocanu, A., Butnariu, L. |., Stoleriu, G., Salaru,
D. L., Chisnoiu, T., Munteanu, D., Mitrofan, C., & Lupu, A. (2023).
Advances in understanding the human gut microbiota and its im-
plication in pediatric celiac disease—A narrative review. Nutrients,
15(11), 2499.

Ma, H., Zhang, B., Hu, Y., Wang, J., Liu, J., Qin, R., Lv, S., & Wang, S. (2019).
Correlation analysis of intestinal redox state with the gut microbi-
ota reveals the positive intervention of tea polyphenols on hyper-
lipidemia in high-fat diet fed mice. Journal of Agricultural and Food
Chemistry, 67, 7325-7335.

MacCulloch, K., & Rashid, M. (2014). Factors affecting adherence to a
gluten-free diet in children with celiac disease. Paediatrics & Child
Health, 19(6), 305-309.

Mago¢, T., & Salzberg, S. L. (2011). FLASH: Fast length adjustment of
short reads to improve genome assemblies. Bioinformatics, 27(21),
2957-2963.

Martinez-Guryn, K., Hubert, N., Frazier, K., Urlass, S., Musch, M.
W., Ojeda, P., Pierre, J. F., Miyoshi, J., Sontag, T. J., Cham, C. M,
Reardon, C. A, Leone, V., & Chang, E. B. (2018). Small intestine mi-
crobiota regulate host digestive and absorptive adaptive responses
to dietary lipids. Cell Host & Microbe, 23(4), 458-469.

Matsumoto, N., Park, J., Tomizawa, R., Kawashima, H., Hosomi, K.,
Mizuguchi, K., Honda, C., Ozaki, R., Iwatani, Y., Watanabe, M., &
Kunisawa, J. (2021). Relationship between nutrient intake and
human gut microbiota in monozygotic twins. Medicina, 57(3), 275.

Mearin, M. L., Agardh, D., Antunes, H., Al-Toma, A., Auricchio, R.,
Castillejo, G., Catassi, C., Ciacci, C., Discepolo, V., Dolinsek, J., Donat,
E., Gillett, P., Guandalini, S., Husby, S., Koletzko, MD, S., Koltai, T.,
Korponay-Szabd, I. R., Kurppa, K., Lionetti, E., ... ESPGHAN Special
Interest Group on Celiac Disease. (2022). ESPGHAN position paper
on management and follow-up of children and adolescents with
celiac disease. Journal of Pediatric Gastroenterology and Nutrition,
75(3), 369-386.

Melini, V., & Melini, F. (2019). Gluten-free diet: Gaps and needs for a
healthier diet. Nutrients, 11(1), 170-191.

Pecora, F., Persico, F., Gismondi, P., Fornaroli, F., luliano, S., de'Angelis, G.
L., & Esposito, S. (2020). Gut microbiota in celiac disease: Is there
any role for probiotics? Frontiers in Inmunology, 11, 957.

Rabot, S., Membrez, M., Bruneau, A., Gérard, P., Harach, T., Moser,
M., Raymond, F., Mansourian, R., & Chou, C. J. (2010). Germ-free
C57BL/6J mice are resistant to high-fat-diet-induced insulin resis-
tance and have altered cholesterol metabolism. The FASEB Journal,
24(12), 4948-4959.

Rajili¢-Stojanovi¢, M., Shanahan, F., Guarner, F., & de Vos, W. M. (2013).
Phylogenetic analysis of dysbiosis in ulcerative colitis during remis-
sion. Inflammatory Bowel Diseases, 19(3), 481-488.

Ramos-Romero, S., Hereu, M., Atienza, L., Casas, J., Jauregui, O.,
Amézqueta, S., Dasilva, G., Medina, I., Nogués, M. R., Romeu, M.,
& Torres, J. L. (2018). Mechanistically different effects of fat and
sugar on insulin resistance, hypertension, and gut microbiota in

B5UBD17 SUOLULLOD AR B|0ed! [dde 8U) Aq pauLBA0B 8.2 SaRILE YO B8N J0 S9INI 10} AfeIq 1 BUIIUO AB]IA UO (SUOIPUOD-PUR-SULLBH D" AB | 1M ARe.d] 18U UO//SANY) SUORIPUOD Pue SWd | 3U) 835 *[7202/0T/T0] U0 A%eiqi T auliuo Ao|im eldely IpMes aue.uo0D Ag LEr"EUS}/Z00T OT/I0p/u0d 45| 1M Afeuq|1Bul|UO//SANY W0y papeo|umod ‘0 ‘LLT.8Y0Z



ERTAS OZTURK ET AL.

il—Wl LEY-

rats. American Journal of Physiology-Endocrinology and Metabolism,
314(6), E552-E563.

Ranjan, R., Rani, A., Metwally, A., McGee, H. S., & Perkins, D. L. (2016).
Analysis of the microbiome: Advantages of whole genome shot-
gun versus 16S amplicon sequencing. Biochemical and Biophysical
Research Communications, 469(4), 967-977.

Roma, E., Roubani, A., Kolia, E., Panayiotou, J., Zellos, A., & Syriopoulou, V.
P. (2010). Dietary compliance and life style of children with coeliac
disease. Journal of Human Nutrition and Dietetics, 23(2), 176-182.

Rossi, R. E., Dispinzieri, G., Elvevi, A., & Massironi, S. (2023). Interaction
between gut microbiota and celiac disease: From pathogenesis to
treatment. Cells, 12(6), 823.

Sacchetti, L., & Nardelli, C. (2020). Gut microbiome investigation in celiac
disease: From methods to its pathogenetic role. Clinical Chemistry
and Laboratory Medicine (CCLM), 58(3), 340-349.

Saitoh, S., Noda, S., Aiba, Y., Takagi, A., Sakamoto, M., Benno, Y., & Koga, Y.
(2002). Bacteroides ovatus as the predominant commensal intestinal
microbe causing a systemic antibody response in inflammatory bowel
disease. Clinical and Diagnostic Laboratory Immunology, 9(1), 54-59.

Sanchez, E., Donat, E., Ribes-Koninckx, C., Calabuig, M., & Sanz, Y.
(2010). Intestinal Bacteroides species associated with coeliac dis-
ease. Journal of Clinical Pathology, 63(12), 1105-1111.

Sanchez, E., Donat, E., Ribes-Koninckx, C., Fernandez-Murga, M. L., &
Sanz, Y. (2013). Duodenal-mucosal bacteria associated with celiac
disease in children. Applied and Environmental Microbiology, 79(18),
5472-5479.

Sanchez, E., Laparra, J. M., & Sanz, Y. (2012). Discerning the role of
Bacteroides fragilis in celiac disease pathogenesis. Applied and
Environmental Microbiology, 78(18), 6507-6515.

Scaria, J., Suzuki, H., Ptak, C. P., Chen, J. W., Zhu, Y., Guo, X. K, &
Chang, Y. F. (2015). Comparative genomic and phenomic analysis
of Clostridium difficile and Clostridium sordellii, two related patho-
gens with differing host tissue preference. BMC Genomics, 16(1),
448-462.

Schippa, S., lebba, V., Barbato, M., di Nardo, G., Totino, V., Checchi,
M., Longhi, C., Maiella, G., Cucchiara, S., & Conte, M. (2010). A
distinctive ‘microbial signature’ in celiac pediatric patients. BMC
Microbiology, 10, 175-185.

Schirmer, M., Garner, A., Vlamakis, H., & Xavier, R. J. (2019). Microbial
genes and pathways in inflammatory bowel disease. Nature Reviews
Microbiology, 17, 497-511.

See, J. A., Kaukinen, K., Makharia, G. K., Gibson, P. R., & Murray, J. A.
(2015). Practical insights into gluten-free diets. Nature Reviews
Gastroenterology & Hepatology, 12(10), 580-591.

Soheilian-Khorzoghi, M., Rezasoltani, S., Moheb-Alian, A., Yadegar,
A., Rostami-Nejad, M., Azizmohammad-Looha, M., Verma, A. K,
Haddadi, A., & Dabiri, H. (2022). Impact of nutritional profile on
gut microbiota diversity in patients with celiac disease. Current
Microbiology, 79(5), 129.

Tang, W., Yao, X., Xia, F., Yang, M., Chen, Z., Zhou, B., & Liu, Q. (2018).
Modulation of the gut microbiota in rats by Hugan Qingzhi tablets
during the treatment of high-fat-diet-induced nonalcoholic fatty
liver disease. Oxidative Medicine and Cellular Longevity, 2018, 1-14.

Toya, T., Corban, M. T., Marrietta, E., Horwath, I. E., Lerman, L. O.,
Murray, J. A., & Lerman, A. (2020). Coronary artery disease is as-
sociated with an altered gut microbiome composition. PLoS One,
15(1), e0227147.

Trachsel, J., Briggs, C., Gabler, N. K., Allen, H. K., & Loving, C. L. (2019).
Dietary resistant potato starch alters intestinal microbial communi-
ties and their metabolites, and markers of immune regulation and
barrier function in swine. Frontiers in Inmunology, 10, 1381.

Vacca, M., Celano, G., Calabrese, F. M., Portincasa, P., Gobbetti, M., & De
Angelis, M. (2020). The controversial role of human gut lachnospir-
aceae. Microorganisms, 8(4), 573.

Verdu, E. F.,, Galipeau, H. J., & Jabri, B. (2015). Novel players in coeliac
disease pathogenesis: Role of the gut microbiota. Nature Reviews
Gastroenterology & Hepatology, 12(9), 497-506.

Verdu, E. F.,, & Schuppan, D. (2021). Co-factors, microbes, and immuno-
genetics in celiac disease to guide novel approaches for diagnosis
and treatment. Gastroenterology, 161(5), 1395-1411.

Vici, G., Belli, L., Biondi, M., & Polzonetti, V. (2016). Gluten free diet and
nutrient deficiencies: A review. Clinical Nutrition, 35(6), 1236-1241.

Wang, K., Liao, M., Zhou, N., Bao, L., Ma, K., Zheng, Z., Wang, Y., Liu,
C., Wang, W., Wang, J., Liu, S. J., & Liu, H. (2019). Parabacteroides
distasonis alleviates obesity and metabolic dysfunctions via pro-
duction of succinate and secondary bile acids. Cell Reports, 26(1),
222-235.

Wang, Z., Wang, Q., Zhao, J., Gong, L., Zhang, Y., Wang, X., & Yuan, Z.
(2019). Altered diversity and composition of the gut microbiome in
patients with cervical cancer. AMB Express, 9(1), 40-49.

Wiredu Ocansey, D. K., Hang, S., Yuan, X., Qian, H., Zhou, M., Valerie
Olovo, C., Zhang, X., & Mao, F. (2023). The diagnostic and prog-
nostic potential of gut bacteria in inflammatory bowel disease. Gut
Microbes, 15(1), 2176118.

Yang, B., Wang, Y., & Qian, P.-Y. (2016). Sensitivity and correlation of
hypervariable regions in 16S rRNA genes in phylogenetic analysis.
BMC Bioinformatics, 17, 1-8.

Yang, C., Mogno, |., Contijoch, E. J., Borgerding, J. N., Aggarwala, V., Li, Z.,
Siu, S., Grasset, E. K., Helmus, D. S., Dubinsky, M. C., Mehandru, S.,
Cerutti, A., & Faith, J. J. (2020). Fecal IgA levels are determined by
strain-level differences in Bacteroides ovatus and are modifiable by
gut microbiota manipulation. Cell Host & Microbe, 27(3), 467-475.

Zafeiropoulou, K., Nichols, B., Mackinder, M., Biskou, O., Rizou, E.,
Karanikolou, A., Clark, C., Buchanan, E., Cardigan, T., Duncan, H.,
Wands, D., Russell, J., Hansen, R., Russell, R. K., McGrogan, P,,
Edwards, C. A,, ljaz, U. Z., & Gerasimidis, K. (2020). Alterations in
intestinal microbiota of children with celiac disease at the time of
diagnosis and on a gluten-free diet. Gastroenterology, 159(6), 2039-
2051.e202.

Ze, X., Duncan, S. H., Louis, P., & Flint, H. J. (2012). Ruminococcus bromii
is a keystone species for the degradation of resistant starch in the
human colon. The ISME Journal, 6(8), 1535-1543.

Zhao, F,, Feng, J.,, Li, J., Zhao, L., Liu, Y., Chen, H., Jin, Y., Zhu, B., & Wei, Y.
(2018). Alterations of the gut microbiota in Hashimoto's thyroiditis
patients. Thyroid, 28(2), 175-186.

Zhao, Q., Ou, J.,, Huang, C., Qiu, R., Wang, Y., Liu, F., Zheng, J., & Ou, S.
(2018). Absorption of 1-dicysteinethioacetal-5-hydroxymethylfurf
ural in rats and its effect on oxidative stress and gut microbiota.
Journal of Agricultural and Food Chemistry, 66(43), 11451-11458.

How to cite this article: Ertas Oztiirk, Y., Karabudak, E.,
Egritas Girkan, O., & Dalgic, B. (2024). Gut microbiota
alterations and associations with nutrients in children with
celiac disease. Food Science & Nutrition, 00, 1-16. https://doi.
org/10.1002/fsn3.4337

B5UBD17 SUOLULLOD AR B|0ed! [dde 8U) Aq pauLBA0B 8.2 SaRILE YO B8N J0 S9INI 10} AfeIq 1 BUIIUO AB]IA UO (SUOIPUOD-PUR-SULLBH D" AB | 1M ARe.d] 18U UO//SANY) SUORIPUOD Pue SWd | 3U) 835 *[7202/0T/T0] U0 A%eiqi T auliuo Ao|im eldely IpMes aue.uo0D Ag LEr"EUS}/Z00T OT/I0p/u0d 45| 1M Afeuq|1Bul|UO//SANY W0y papeo|umod ‘0 ‘LLT.8Y0Z


https://doi.org/10.1002/fsn3.4337
https://doi.org/10.1002/fsn3.4337

	Gut microbiota alterations and associations with nutrients in children with celiac disease
	Abstract
	1|INTRODUCTION
	2|METHOD
	2.1|Study protocol and subjects
	2.2|Gluten-­free diet treatment
	2.3|DNA extraction, sequencing, and library preparation
	2.4|Bioinformatics and statistical analysis

	3|RESULTS
	4|DISCUSSION
	5|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ETHICAL APPROVAL
	CONSENT STATEMENT
	REFERENCES


