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Abstract: Patients with type 1 diabetes (T1D) are at higher risk of celiac disease (CD). Recently,
intestinal fatty acid binding protein (I-FABP) has been shown to be a serological biomarker of
impaired intestinal barrier in CD. Thus, the aim of this study was to verify whether I-FABP could be
an early marker of CD in pediatric T1D patients. I-FABP was measured in sera of patients with T1D
(n = 156), active CD (n = 38), T1D with active CD (T1D-CD, n= 51), and age-matched healthy children
(n = 55). Additionally, I-FABP was determined in T1D patients with negative CD serology at least one
year before CD diagnosis (T1D-CD-1, n = 22), in CD patients on a gluten-free diet (CD-GFD, n = 36),
and T1D-CD patients on GFD (T1D-CD-GFD, n = 39). Sera were tested using immunoenzymatic
assay. Significantly increased levels of I-FABP were found in the T1D, active CD, and T1D-CD
groups (1153 £ 665, 1104 & 916, and 1208 =+ 878, respectively) in comparison to healthy with controls
(485 £ 416, p < 0.05). GFD induced a significant decrease in I-FABP levels in CD and T1D-CD groups
(510 £ 492 and 548 =+ 439, respectively). Interestingly, in T1D-CD-1 and T1D, I-FABP levels were
comparable (833 & 369 vs. 1153 £ 665), and significantly increased in relation to healthy controls and
T1D-CD values on GFD. The results indicate that the epithelial barrier is disrupted in T1D patients
independently of CD development; therefore, I-FABP cannot serve as an early marker of CD in T1D
patients. Although GFD can improve epithelial recovery, the question remains as to whether GFD
could exert beneficial effects on the intestinal barrier in early stages of T1D.

Keywords: type 1 diabetes; celiac disease; biomarker; intestinal fatty acid binding protein; impaired
epithelial barrier; I-FABP; gluten-free diet; intestinal barrier

1. Introduction

Type 1 diabetes (T1D) is a multifactorial and complex autoimmune disease. Its comor-
bidity with other autoimmune diseases, including celiac disease (CD), is well established.
The co-diagnosis of CD affects from 2 to 16% of diabetic patients worldwide [1]. According
to the latest Polish reports, the frequency of CD among T1D patients is now much higher
than ten years ago (8.3% vs. 5.7%) and higher in girls (13.9%) than boys (4.9%), which is in
line with previous reports by Cerutti et al. about the higher risk of having both diseases for
girls than for boys [2,3].
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The relationship between T1D and CD is being intensively studied [4]. The human
leukocyte antigen (HLA) analysis showed that haplotypes occurring in almost all patients
with CD (HLA-DQ2 and HLA-DQ8) exist in the majority of patients with T1D, which
confirms the hypothesis concerning the common genetic pathogenesis of both diseases [5,6].
Common genetic features of T1D and CD were also documented in the genome-wide
association study (GWAS), suggesting the role of impaired mucosal barrier function in the
etiopathogenesis of both diseases [7]. In the altered gut barrier, non-competent intercellular
junctions allow antigens, derived from the food or intestinal microbiota, to enter the
circulation and activate the immune system into upregulated autoimmune responses [8].

Although the coexistence of CD and T1D is well known, the diagnosis of CD among
diabetic patients remains a clinical challenge due to the fact that 60% to 70% of T1D chil-
dren present with asymptomatic or non-classical CD [2]. Prompt diagnosis is necessary
because untreated CD disrupts the absorption of nutrients by damaging the small intestine,
therefore resulting in an increased risk of hypoglycemia. Undiagnosed CD in T1D patients
may result in poor glycemic control, leading to more complications and, in consequence,
insufficient treatment of retinopathy, nephropathy or dyslipidemia. This is why all experts
agree that screening tests for CD should be performed for all T1D patients [9]. Due to the
high frequency of CD-specific HLA haplotypes in T1D, genetic HLA-DQ-2 and HLA-DQ8
testing, as a first-line screening, suggested by the European Society for Pediatric Gastroen-
terology Hepatology and Nutrition (ESPGHAN) [10], is questionable. For this reason,
CD serological markers are recommended by the International Society for Pediatric and
Adolescent Diabetes (ISPAD) for all T1D patients, independently of symptomatology [11].

Nevertheless, new biomarkers are still being sought to enable the detection of intestinal
epithelial damage at earlier stages. Recently, intestinal fatty acid binding proteins (I-
FABP) were presented as novel serological biomarkers of active CD [12-14]. Elevated
concentrations of I-FABP were observed in patients with untreated CD. Moreover, treatment
with a gluten-free diet (GFD) induced the rapid normalization of I-FABP levels [14-16].

I-FABP is described as a low-molecular-weight (14-15 kDa) water-soluble extracellular
protein, a type of fatty acid binding protein [17]. This protein is expressed in the epithelial
cells of the mucous layer of the small intestine, and, in cases of epithelium damage, its
increased concentration is observed in the blood [18,19].

Thus, the aim of our study was to assess whether I-FABP could be an early marker of
CD in children with T1D.

2. Materials and Methods
2.1. Patients and Study Design

We performed an analysis of a retrospective research group collected prospectively as
part of screening and subjected to post hoc analysis after the onset of celiac disease.

The study involved children with T1D and/or CD hospitalized in the Children’s
Memorial Health Institute in Warsaw (Poland) in the period between 2012 and 2018. A case-
control study was performed on patients with T1D (n = 156), with T1D and active CD
(T1D-CD, n = 51), and with active CD only (n = 38), who were randomly chosen from this
database. The patients’ characteristics are presented in Table 1. T1D patients who displayed
no CD serological markers at diagnosis were annually serologically screened for CD, and
a subgroup of patients who were eventually diagnosed with CD but had only T1D one year
prior to diagnosis (T1D-CD-1 group, n = 22) were selected. In addition, among patients
with T1D-CD and CD, a subgroup of patients who had been following GFD for at least
6 months was distinguished (CD-GFD, n = 36; T1ID-CD-GFD, n = 39). Healthy children
formed the control group (HC, n = 55).

T1D was diagnosed according to the recommendations of the ISPAD [11,20], and CD
according to the ESPGHAN criteria [10]. Routine serological tests necessary to perform a
diagnosis were performed in Department of Biochemistry, Radioimmunology and Experi-
mental Medicine, and Department of Pathomorphology at The Children’s Memorial Health
Institute (for T1D: anti-glutamic decarboxylase (anti-GAD), anti-tyrosine phosphatase
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(anti-IA2), anti-islet cell (ICA) antibodies, and for CD: serum anti-tissue transglutaminase
antibody (anti-tTg Ab)). Patients and control group with current inflammation, hypoxia,
and coexisting diseases of other causes were excluded from the study. All healthy controls
had negative serological screening test.

Table 1. Characteristics of main study group: type 1 diabetes (T1D), type 1 diabetes with celiac disease
(T1D-CD), celiac disease (CD). Separate subgroups: celiac disease on gluten-free diet (CD-GFD),
type 1 diabetes with celiac disease on gluten-free diet (T1D-CD-GFD), and healthy controls (HC).

Study Group (n = 245) Control Group

(n = 55)
T1D-CD

Cohort T1D (T1D-cD.GFD)  CP (CD-GFD) HC

Sample size 156 51 (39) 38 (36) 55
Gender

Female 83 28 (20) 24 (22) 27

Male 73 23 (19) 14 (14) 28

Mean age in years 12 7(7) 8(8) 10

Mean age of T1D 9 6 (6) NA (NA) NA

onset in years
T1D—type 1 diabetes, TID-CD—type 1 diabetes and celiac disease, CD—celiac disease, CD-GFD—celiac disease
on gluten-free diet, TID-CD-GFD—type 1 diabetes and celiac disease on gluten-free diet, HC—healthy controls,
NA—not applicable.

2.2. I-FABP Measurement

I-FABP was measured in the sera of patients and control group using an enzyme-
linked immunosorbent assay (ELISA) kit (Hycult Biotech Inc., Wayne, PA, USA) according
to the manufacturer’s instructions. Absorbance values were measured using a BioTek
PowerWave Microplate Spectrophotometer at a wavelength of 450 nm. Results were
expressed as mean =+ standard deviation (SD) in picograms/milliliters (pg/mL).

2.3. Statistical Analysis

Data were analyzed using Statistica v.10.0 software (StatSoft, Inc., Tulsa, OK, USA).
Standard deviations of means were used as descriptive statistics. Normal distribution
was checked using the Shapiro—Wilk test and revealed non-normal distribution of data.
Differences between two groups were tested by U Mann-Whitney test, and between three
or more subgroups by Kruskal-Wallis ANOVA by Ranks for independent groups. If differ-
ences were significant, post hoc analysis using Dunn-Bonferroni test was then performed.
Receiver operating characteristic (ROC) curves were used to obtain the specificity and sen-
sitivity of serum I-FABP to distinguish diabetic patients with CD from those without CD.

Analysis of parameters in two time points were performed using Wilcoxon signed-rank
test for dependent samples. In all tests, p values < 0.05 were considered significant.

2.4. Ethical Approval

The study was approved by the Local Ethics Committee from the Children’s Memorial
Health Institute with written informed consent obtained from participants over 16 years of
age and/or their legal representative, as appropriate.

3. Results
3.1. I-FABP Levels in Sera of T1D Patients without CD, Patients with Active CD, and Patients
with TIDM and CD

There was a significant difference in I-FABP levels between the three study groups
(T1D, active CD, and T1D-CD) and healthy controls: 1153 & 665, 1104 £ 916, 1208 £ 878 vs.
485 £ 416 pg/mL, respectively; (p < 0.001) (Figure 1).
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Figure 1. Boxplot chart illustrates the distribution of I-FABP concentrations in T1D, CD, T1D-CD,
and HC. T1ID—type 1 diabetes, CD —celiac disease, TID-CD—type 1 diabetes and celiac disease, HC-
healthy controls; p values were calculated by Kruskal-Wallis test.

However, the statistical analysis did not show statistically significant differences
between the groups (T1D, active CD, and T1D-CD patients). The ROC curve to detect CD
in T1D patients revealed an area under curve (AUC) of 0.557 (95% confidence interval,
CI: 0.485-0.628, p > 0.05) for I-FABP. A serum I-FABP concentration of >965 pg/mL was
associated with the coexistence of both diseases, with a sensitivity of 51.7% and specificity
of 59.7% (Figure 2).

Figure 2. Diagnostic value of I-FABP as a marker of CD in T1D patients. AUC—area under curve,
Cl—confidence interval.

3.2. The Effect of GFD on I-FABP Concentrations

The serum level of I-FABP were substantially diminished in patients on GFD (Figure 3)
and in both study groups (CD and T1D-CD), it reached values similar to those of the healthy
control group. At least 6 months of GFD in T1D-CD patients induced a decrease in I-FABP
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concentration by 54.6% (from 1208 4= 878 to 548 & 439 pg/mL). There were significant
differences between patients with T1D-CD without dietetic treatment and on GFD (1208 +
878 and 548 + 439, respectively) as well as between the T1D-CD group and controls (1208
=+ 878 pg/mL and 485 + 416 pg/mL, respectively) (Figure 3A). In the case of CD patients,
GFD resulted in a decrease in I-FABP concentration by 53.8% (from 1104 % 916 to 510 £ 492
pg/mL). The differences between patients with active CD, before and after GFD treatment,
as well as the control group, were statistically significant (1104 &= 916 vs. 510 & 492 and 485
=+ 416 pg/mL, respectively) (Figure 3B).

Figure 3. Boxplot chart illustrates the distribution of I-FABP concentrations in T1D-CD, TID-CD-GFD,
and HC patients (A) and CD, CD-GFD, and HC patients (B); p values were calculated by Wilcoxon
signed-rank test; * p—T1D-CD (A) or CD (B) vs. HC, ** p—T1D-CD (A) or CD (B) vs. TID-CD-GFD
(A) or CD-GFD (B). TID-CD—type 1 diabetes and celiac disease, T1D-CD-GFD—type 1 diabetes and
celiac disease on gluten free diet, HC—healthy controls, CD—celiac disease, CD—celiac disease on
gluten-free diet.

3.3. I-FABP Concentrations Prior to CD Diagnosis in Patients with Type 1 Diabetes

Mean value of I-FABP in the subgroup of patients with negative CD serology one year
before CD diagnosis (T1D-CD-1) was not statistically significant different from that of T1D
patients (833 & 369 vs. 1153 £ 665 pg/mL, respectively). However, it differed significantly
from the control group and T1D-CD patients after GFD treatment (833 & 369 vs. 485 £ 416
and 548 & 439 pg/mL, respectively) (Figure 4).

Figure 4. I-FABP concentrations in T1D-CD-1 group in relation to T1D, HC, and T1D-CD-GFD
patients; p values were calculated by Wilcoxon signed-rank test; colors of p value fonts correspond
to bars of study groups; * p—T1D-CD-1 or T1D vs. HC, ** p—T1D-CD-1 or T1D vs. T1D-CD-GFD.
T1D-CD—type 1 diabetes and celiac disease patients with negative CD serology one year before CD
diagnosis, T1ID—type 1 diabetes, HC —healthy controls, TID-CD-GFD—type 1 diabetes and celiac
disease on gluten-free diet, 'lFABP—intestinal fatty acid binding protein.
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4. Discussion

The early detection of CD may be of crucial importance for patients with T1D, as
numerous studies indicate that the treatment with GFD of patients with T1D and CD
improves blood glucose control [21].

International experts on CD and T1D (ESPGHAN, ISPAD) agree on the necessity
of screening diabetic patients with T1D for CD, but there is no consensus on the length
of follow-up, testing frequency, and type of testing [10,11]. Due to the fact that HLA
genotyping in patients with T1D is not sufficient to identify patients with an increased risk
of CD, and that serological screening for CD allows the detection of the disease process only
at an advanced stage, when severe histological changes are present in the small intestine, as
well as the fact that the spontaneous normalization of celiac specific antibodies is observed
in some T1D patients, the search for new, early CD biomarkers in order to detect potential
cases of CD is of key importance [22,23].

For this reason, we evaluated the utility of I-FABP—a recognized serological marker of
intestinal epithelium damage in CD—as an early marker in T1D patients. To our knowledge,
this is the first study describing such a relationship in a pediatric cohort.

The current study shows that the concentration of I-FABP is significantly elevated both
in CD and T1D patients in comparison to healthy individuals, indicating small intestinal
epithelium damage in both patient cohorts. However, there were no differences between
the study groups, suggesting that the gut leakage, measured by I-FABP concentration, can
be an independent predictor of CD development. This result was confirmed by the analysis
of the ROC curve, based on which it can be concluded that I-FABP is not a good diagnostic
marker of CD in T1D patients. This biomarker offers no ability to separate the two clinical
conditions. The statistically determined optimal cut-off value of I-FABP for active CD at the
level of 965 pg/mL produced sensitivity and specificity of only 51.7 and 59.7%, respectively.
The analysis of the I-FABP concentrations in T1D-CD-1 in relation to T1D showed that
even in the period preceding the onset of CD, its levels were elevated. This result clearly
indicates that damage to the intestinal epithelial barrier is independent of the presence
of CD.

These results support the previous hypothesis of the loss of intestinal barrier integrity
in T1D resulting in low-grade chronic inflammation as well as increased diffusion of
bacterial components into the blood. Previous studies showed intestinal barrier dysfunction
assessed by measuring blood markers of intestinal damage or bacterial translocation other
than I-FABP [24-26]. Elevated levels of zonulin [27-29], cytokeratin 18 caspase-cleaved
fragment [30], lipopolysaccharides [28], and peptidoglycans [31] indicate both increased
paracellular permeability and a profound damage to the intestine, allowing bacterial
components to enter the bloodstream. Vaarala pointed out that the concentration of zonulin,
the protein regulating the functioning of epithelial tight junctions, correlated with increasing
intestinal permeability measured by the functional lactulose/mannitol test [26,27,32].

It is known that GFD is an effective treatment for celiac patients, inducing clinical
recovery, the normalization of histopathological changes in the small intestine, and the
normalization of serum autoantibody levels [33,34]. In this study, we found that GFD used
for a minimum of 6 months decreased the concentration of I-FABP in CD and T1DM-CD
patients by at least 50%. This finding indicates that gut barrier integrity can be significantly
improved with proper dietary management. Interestingly, GFD in T1D-CD patients in-
duced a I-FABP decrease, achieving the level observed in healthy controls. However, this
observation does not answer the question of whether GFD may be effective in T1D patients
without CD. The hypothesis that gluten is harmful not only to patients with CD but also to
those with other autoimmune diseases was suggested recently [33,35]. Researchers suggest
that GFD may offer the potential to reduce the risk of T1D [36], and a few studies indicate
that GFD, when applied to older children with T1D, may protect beta cells from destruc-
tion to some extent. Undoubtedly, various factors determine the impact of GFD on the
autoimmune response of pancreatic islets detected at the time of CD diagnosis: adherence
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to GFD and its duration, the type and concentration of anti-diabetic autoantibodies, and
the asymptomatic clinical picture of CD [37].

While GFD can improve the intestinal epithelium in diabetic patients with CD, it is
still an open question whether GFD could exert beneficial effects on the intestinal barrier in
the early stages of T1D, protecting patients from the development of other autoimmune
disorders, including CD, or impacting the clinical course of T1D.

5. Limitations and Strengths

We recognize some limitations of our study. First of all, it was limited by the relatively
small number of patients. Secondly, we did not perform a sample size estimation. This
is why when we found no difference between the study subgroups, it was difficult to
determine whether this lack of difference was caused by the sample size. However, we
believe that it is worth highlighting in our research that, due to access to such a broad clinical
database (over a six-year period), it was possible to identify T1D patients who developed
CD as a comorbid disease during this period. Thus, it was possible to retrospectively assess
the concentration of I-FABP in the period of T1D only, one year before the appearance of
CD serological markers (T1D-CD-1 group) and after classification in the T1D-CD group
(after CD diagnosis). Moreover, the strength of this study is that all the T1D patients were
serologically screened for celiac disease.

6. Conclusions

In summary, the evidence from this study suggests that I-FABP cannot serve as a poten-
tial early biomarker for diagnosis of CD in T1D patients, but it can be used as a serological
marker indicating epithelial damage in pediatric T1D.
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