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Introduction

One of the most important complications of obesity is insulin resistance, which leads to carbohydrate metabolism disorders such as type 2 diabetes. However, obesity is also associated with development of an autoimmune response against various organs, including pancreatic beta cells. The prevalence of such autoimmune processes in children and their possible contribution to the increased incidence of type 1 diabetes is currently unclear. Therefore, the present study assessed the prevalence of autoantibodies against pancreatic islet beta cell’s antigens in children and adolescents with simple obesity.



Material and methods

This prospective observational study included pediatric patients (up to 18 years of age) with simple obesity hospitalized between 2011 and 2016 at the Department of Pediatrics, Diabetology, Endocrinology and Nephrology of the Medical University of Lodz. Children with acute or chronic conditions that might additionally affect insulin resistance or glucose metabolism were excluded. Collected clinical data included sex, age, sexual maturity ratings (Tanner`s scale), body height and weight, waist and hip circumference, amount of body fat and lean body mass. Each participant underwent a 2-hour oral glucose tolerance test with simultaneous measurements of glycaemia and insulinemia at 0`, 60` and 120`. In addition, glycated hemoglobin HbA1c, fasting and stimulated c-peptide, total cholesterol, as well as high- and low-density cholesterol and triglycerides were measured. Insulin resistance was assessed by calculating HOMA-IR index. The following autoantibodies against pancreatic islet beta cells were determined in each child: ICA - antibodies against cytoplasmic antigens of pancreatic islets, GAD - antibodies against glutamic acid decarboxylase, ZnT8 - antibodies against zinc transporter, IA2 - antibodies against tyrosine phosphatase, IAA – antibodies against insulin.



Results

The study group included 161 children (57.4% boys, mean age 13.1 ± 2.9 years) with simple obesity (mean BMI z-score +2.2 ± 1.6). Among them, 28 (17.4%) were diagnosed with impaired glucose metabolism during OGTT [23 (82.2%) – isolated impaired glucose tolerance (IGT), 3 (10.7%) – isolated impaired fasting glucose (IFG), 2 (7.1%) – IFG and IGT]. Of the children tested, 28 (17.4%) were tested positive for at least one islet-specific autoantibody [with similar percentages in boys (15, 17.4%) and girls (13, 17.3%), p=0.9855], with ICA being the most common (positive in 18, 11.2%), followed by IAA (7, 4.3%), ZnT8 (5, 3.1%), GADA (3, 1.9%) and IA2 (1, 0.6%). There was no association between the presence of the tested antibodies and age, sex, stage of puberty, parameters assessing the degree of obesity, HbA1c, lipid levels and basal metabolic rate. However, autoantibody-positive subjects were more likely to present IFG or IGT in OGTT compared to those who tested completely negative (9, 32.1% vs 19, 14.3%, p=0.0280). Their HOMA-IR was also significantly higher (HOMA-IR: 4.3 ± 1.9 vs 3.4 ± 1.9, p=0.0203) and this difference remained statistically significant after adjusting for sex and age (p=0.0340).



Conclusions

Children and adolescents with simple obesity presented a higher prevalence of markers of autoimmune response against pancreatic beta cells than the general population. Most often, they had only one type of antibody - ICA. The presence of autoimmune response indicators against pancreatic islet antigens is more common in obese patients with impaired carbohydrate metabolism and is associated with lower insulin sensitivity.
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Introduction

Excess body weight has become one of the most crucial challenges for pediatric healthcare. According to the World Health Organization report, the prevalence of overweight and obesity among children aged 5-19 has increased 4.5 times since 1975, meaning that in 2016, 340 million children and adolescents worldwide were overweight or obese and 124 million were obese (1). Excess body weight is associated with an increased risk of a number of disorders, the most prominent of which are disorders of carbohydrate metabolism, including diabetes (2–6). In principle, obesity is known to cause insulin resistance and secondary insulin secretion abnormalities that lead to the development of type 2 diabetes (T2D) (7). However, in children and adolescents, the impact of excess body weight might be more nuanced.

Primarily, it has been shown that the clinical course of T2D in children and adolescents differs from that in adults and exhibit a faster rate of decline in endogenous insulin secretion (8–10). Moreover, up to 1/3 of patients with T2D can be detected with the presence of at least one type of antibodies against islet antigens (11, 12). Moreover, excess body weight has been also hypothesized to contribute to the development of type 1 diabetes (T1D), the most common type of diabetes in childhood. According to the accelerator hypothesis, in individuals with HLA-dependent genetic predisposition, excess weight gain reduces insulin sensitivity, which in turn leads to pancreatic beta cells apoptosis and activation of an autoimmune response (13, 14). In addition, adipose tissue generates chronic low-grade inflammation and adversely affects the immunotolerance mechanisms (15). However, attempts to clinically verify this hypothesis have met with mixed success – the observed associations between excess body weight (birth weight, weight gain in infants and older children) and the incidence of T1D (5, 16–19) turned out to be inconclusive and largely based on selected groups of children with an underlying genetic risk for T1D.

Therefore, it is worth taking a closer look at the group of obese children who might be at increased risk not only for T2D, but also for T1D. The aim of this study was to investigate the presence of T1D-related autoimmune markers in children and adolescents with simple obesity and test whether they are associated with the development of carbohydrate metabolism disorders in those patients.



Subjects and methods


Ethics statement

This was a prospective observational study approved by the local Bioethics Committee of the Medical University of Lodz (No. RNN/224/15/KE) and conducted in accordance with the principles set forth in the Declaration of Helsinki



Subjects

Between 2011-2016, we recruited children and adolescents up to 18 years of age who were routinely admitted to the Department due to obesity (defined as BMI percentile ≥95th percentile) and underwent screening for glucose metabolism abnormalities. They were invited to take part in an extended panel of metabolic tests, including screening for T1D. Individuals with acute or chronic conditions that might predispose to carbohydrate metabolism disorders were excluded. We also collected data on family history of T1D and other autoimmune disorders to minimize potential bias in autoantibody prevalence due to family burden. This step was done during a follow-up period, so not all participants were available.



Methods

Each participant underwent a comprehensive medical examination with nutritional assessment. Anthropometric parameters were measured by Harpenden stadiometer (accuracy of 0.1 cm), TANITA MC-980MA (accuracy of 0.1 kg) and non-stretchable tape (accuracy of 0, 1 cm). Body composition was analyzed by bioelectrical impedance analysis (BIA-TANITA MC-980MA), and basal metabolic rate (BMR) was calculated. Sexual maturity ratings were assessed in each child using the Tanner scale. Glycated hemoglobin (HbA1c) was measured with high-performance liquid chromatography (Bio-Rad Variant, Bio-Rad Laboratories, Hercules, USA). Lipid profile (total cholesterol, HDL-cholesterol, LDL-cholesterol, triglycerides) was performed in each child according to commonly accepted methods in the hospital laboratory.

Each participant underwent a 2-hour oral glucose tolerance test (OGTT), during which blood glucose and insulin levels were measured at 0`, 60` and 120` - then the presence of glucose metabolism disorders was determined in accordance to the ISPAD 2018 Recommendations (20). In addition, c-peptide levels (ELISA) were measured for each patient in the fasting state and 6` after stimulation with 1mg of intravenous glucagon.

Each child also underwent a comprehensive screening for pancreatic islet autoantibodies performed by the Laboratory of Immunopathology and Genetics, which is the reference laboratory for Poland, certified during the Islet AutoAntibody Standardization Program - IASP 2012-2019 (LAB604). The following autoantibodies were measured in serum (method, IASP-certified sensitivity/specificity and cut-off for positivity reported respectively):

	ICA - antibodies against cytoplasmic antigens of pancreatic islets (indirect immunofluorescence method using human pancreatic sections, 72.0% and 94.4%, cut-off: 5-10 µ. JDF depending on the substrate used),

	GAD - antibodies against glutamic acid decarboxylase (RSR ELISA method, USA, 82% and 98.9%, cut-off ≥10),

	ZnT8 - antibodies against zinc transporter (RSR ELISA method, USA, 76% and 97.8%, cut-off ≥15),

	IA2 - antibodies against tyrosine phosphatase (RSR ELISA method, USA, 70% and 95.6%, cut-off≥20),

	IA/IAA – antibodies against insulin (RIA method, UK, 42% and 100%, cut-off≥10).





Statistical analysis

Body mass index (BMI) was calculated according to standard equation [weigh/(height in m) ^2], z-scores and percentiles were calculated based on national growth charts (21). Waist-to-height ratio (WHtR) and waist-to-hip ratio (WHT) were calculated in the standard way. Insulin resistance was assessed using HOMA-IR index (Homeostatic Model Assessment – Insulin Resistance), calculated according to the standard equation (fasting insulinemia (mU/ml) x fasting blood glucose (mmol/l)/22.5).

Distributions of continuous variables were assessed using Shapiro-Wilk test. Afterwards, tests between the groups were performed using t-test [results reported as mean± standard deviation (SD)] or Mann-Whitney`s U test (results as medians and 25-75% ranges). Qualitative variables were analyzed using the chi^2 test or fisher`s exact test for small groups.

Due to the lack of a control group, the prevalence of antibodies to pancreatic islet antigens in the study group was compared with data from the literature (22–24).




Results


Demographic, anthropometric, and metabolic parameters

The study group included 161 children (57.4% boys, mean age 13.1 ± 2.9 years) with simple obesity (mean BMI z-score +2.2+/0.4) (Table 1). Among them, 28 (17.4%) were diagnosed with impaired glucose metabolism during OGTT [23 (82.2%) – isolated impaired glucose tolerance (IGT), 3 (10.7%) – isolated impaired fasting glucose (IFG), 2 (7.1%) – IFG and IGT].


Table 1 | Clinical and biochemical characteristics of obese children and adolescents according to the presence of beta cell autoantibodies.





The prevalence of anti-islet antibodies

Of the children tested, 28 (17.4%) were positive for at least one islet-specific autoantibody [with similar percentages in boys (15, 17.4%) and girls (13, 17.3%), p=0.9855], with ICA being the most common (positive in 18, 11.2%), followed by IAA (7, 4.3%), ZnT8 (5, 3.1%), GAD (3, 1.9%) and IA2 (1, 0.6%). The prevalence of positive results for most autoantibodies in the study group was similar to general population (historic reference for IAA – 4%, anti-GAD – 2%, IA2 – 0.8%, ZnT8 -2%, all p>0.05). However, we noted that obese children were more often positive for at least one autoantibody (17.3% vs 4.9%, p<0.0001) and particularly for ICA autoantibodies (11.2% vs historical reference of 3%, p<0.0001).



Association of the autoimmune response against pancreatic islets with participants` clinical characteristics

Children positive for at least one autoantibody were non-significantly older (13.8 ± 2.8 vs 13.0 ± 2.9, p=0.1840) than those who tested negative and presented similar sex maturity ratings (median 3 (25-75%: 2 to 5) vs 3 (25-75%: 2 to 5), p= 0.4135), HbA1c (5.4 ± 0.3 vs 5.3 ± 0.3, p=0.3111), c-peptide (fasting: 3.4 ± 1.2 vs 3.0 ± 1.2, p=0.1420; stimulated: 8,7 ± 3,7 vs 7,6 ± 2,8, p=0.0925) and lipid profile. They were also comparable in terms of BMI z-scores, body fat percentage and estimated Basal Metabolic Rate. However, autoantibody-positive subjects had a higher waist to height ratio (WHtR: 0,63 ± 0,03 vs 0,59 ± 0,1, p=0.047 - adj. for sex and age).



The relationship between the occurrence of an autoimmune reaction against pancreatic islets and the carbohydrate metabolism disorders

Children with at least one positive autoantibody were more likely to present IFG or IGT in OGTT compared with those who tested completely negative (9, 32.1% vs 19, 14.3%, p=0.0280). The autoantibody-positive children showed significantly higher glycemia at 60 min. of OGTT and higher insulinemia at all three time points of OGTT (Figure 1). Their HOMA-IR index was significantly higher (HOMA-IR: 4.3 ± 1.9 vs 3.4 ± 1.9, p=0.0203) and the difference remained statistically significant after adjusting for sex and age (p=0.0340). A detailed comparison between the groups is presented in Table 1.




Figure 1 | Comparison of blood glucose (A) and insulin (B) concentrations during oral glucose tolerance test in obese children without type 1 diabetes-specific autoantibodies (white boxes, solid line) and with at least one autoantibody (gray boxes, dashed lines). Significant differences (p<0.05) were marked with an asterix (*).





Association of autoimmune response against pancreatic islets with family history of type 1 diabetes and other autoimmune diseases

In 54 (33.5%) children, a family history of type 1 diabetes or other autoimmune diseases were unavailable. Among the 107 children with a complete family history available, none of the 16 autoantibody-positive children (0%) had any known relatives with type 1 diabetes, compared with 7 autoantibody-negative children (7.7%), which was likely due to chance (p=0.5910). Similarly, both autoantibody-positive and autoantibody-negative children had a similar prevalence of type 1 diabetes or other autoimmune diseases in first degree relatives (autoantibody-positive: 2 (12.5%) vs autoantibody-negative: 15 (16/5%), p=1.0000)



Patients with multiple anti-islet antibodies

Out of autoantibody-positive children, four (2.5%) were positive for at least two autoantibodies, marking pre-clinical stages of type 1 diabetes – their exact titers and patients` clinical features are included in Table 2. Over the following seven years, only one subject developed clinically evident type 1 diabetes as an adult (more data unavailable).


Table 2 | Characteristics of obese children and adolescents with multiple beta cell autoantibodies (≥ 2Ab).






Discussion

Our most important observation is that the prevalence of at least one islet-specific autoantibody in a sample of children and adolescents with simple obesity was as much as 3.5 times higher than in general population. The prevalence of islet autoantibodies is well-established in patients with T1D or at increased risk of developing the disease (first degree relationship to the patient, genetic screening) (24, 25).

In contrast, reports on the frequency of autoimmune anti-islet responses in people with excess body weight or with T2D are less numerous and primarily relate to adults. About 2-12% of adults with clinically diagnosed T2D were found to have detectable levels of antibodies to pancreatic islet antigens in peripheral blood (26–28). It was also suggested that the degree of obesity might be associated with the risk of developing islet autoantibodies in adults with T2D - among 204 patients with T2D and excess body weight, the presence of at least one of the three antibodies (GADA, IA2, and ZnT8A) was found in 6.4% of all subjects and in as many as 12.8% when considering those with severe obesity (BMI > = 40 kg/m2) (29). On the other hand, studies on pediatric patients with T2D reported the presence of at least one anti-islet antibody in approximately 30% of them (11, 30–32). The presence of at least one anti-islet antibody (GADA or IA2) in obese children with T2D was associated with younger age, lower insulin secretion, higher HbA1c, and a higher incidence of diabetic ketoacidosis at diagnosis (33). Our estimated prevalence of positive autoantibodies was, as expected, lower than that observed in children and adolescents with T2D.

Relatively few papers have examined the anti-islet autoimmune response in obese children and adolescents without previously diagnosed diabetes. Cambuli et al. assessing the presence of anti-islet antibodies (GADA, IA2, IAA) in 686 overweight/obese children and adolescents (mean age 10.3 ± 3.2 years) found the presence of at least one anti-islet antibody in 2.18% of the subjects (2 antibodies in 0.7% and 1 antibody in 0.15%) and this value did not differ significantly from the result obtained in the control group with normal body weight (1.8%) (34). GADA-1.89% was the most frequently detected, followed by IA2-0.87% and IAA-0.43%. The apparent discrepancy with our observed prevalence results from including ICA in our study (and to a lesser extent, ZnT8). In our study of obese children and adolescents, ICA was the most common anti-islet antibody, its prevalence significantly increased compared to literature reports for general population (22–24). ICA antibodies were the first identified antibodies against pancreatic islet antigens and were identified using indirect immunofluorescence on frozen sections of human pancreas with blood group 0. The demonstration of ICA by indirect immunofluorescence is an illustration of general islet autoimmunization and identifies several beta-cell antigens simultaneously (24). The finding of isolated positive ICA despite negative GADA, IA-2A, IAA and ZnT8A results in children with newly diagnosed T1D indicates that ICA testing detects a wide range of islet-specific antibodies and sometimes cross-reacting antibodies in serum samples (35). Pollannen et al. in the Finnish population-based Diabetes Prediction and Prevention (DIPP) type 1 study, which aims to monitor the emergence of anti-islet autoantibodies in children with increased HLA-dependent susceptibility to T1D, showed high sensitivity of ICA in identifying clinical disease progression, but unlike previously published 5-year follow-up data, lower specificity than other autoantibodies tested by biochemical methods (IAA, GADA, IA2) (36). It should also be kept in mind that the inconclusive results of the work on the predictive value of ICA for the development of T1D may be due to the fact that ICA determination is the most operator-dependent test of all the tests measuring the level of anti-islet autoantibodies (23, 37). In our study, the determination of all types of antibodies against pancreatic islet antigens was performed in a reference laboratory for Poland, certified during the Islet AutoAntibody Standardization Program - IASP 2012-2019.

We also need to comment on the patients in whom we observed multiple positive islet autoantibodies, although the numbers was too low for statistical analysis. It is estimated that 70% of patients who have at least 2 types of anti-islet antibodies will develop clinical type 1 diabetes mellitus within 10 years (38). Our study identified 4 individuals with at least 2 anti-islet antibodies, one of them was also diagnosed with dysglycemia (IGT). According to the ADA criteria, they were individuals with type 1 diabetes, 3 individuals in the first stage (autoimmunity), and one individual in the second stage (autoimmunity and dysglycemia) (39). Only for the latter individual, follow-up data were available - after 7 years since testing, he was clinically diagnosed with T1D (stage III) and insulin therapy had to be implemented.

In the classical view, decreased insulin sensitivity caused by excess adipose tissue heralds the progression of metabolic disorders towards pre-diabetes (IFG, IGT) and then diabetes (40, 41). In the present study, impaired glucose metabolism in the form of IFG and/or IGT was found in 28 (17.4%) obese children and adolescents (none of the subjects were diagnosed with diabetes). In comparison, studies from European countries estimate the incidence of IFG/IGT in obese children and adolescents at 5.7-17.1%, and type 2 diabetes at 1.4% (42, 43). The observed differences may be related to the methodology of studies (age of subjects, definition of obesity) and the influence of such recognized risk factors as e.g., eating habits, physical activity, genetic conditions, or socioeconomic factors (40). A prospective study by Galderisi et al. involving a multi-ethnic group of 526 obese adolescents (10.6-14.2 years of age) showed the transient nature of IGT - after 2 years, 65% of respondents returned from IGT to normal glucose tolerance (NGT), 27% maintained IGT and 8% developed T2D (44). Unfortunately, long-term follow-up data were not collected in our study to ascertain the future clinical, metabolic and immune status of the patients (except for the one already-mentioned case).

In the study by Cambuli et al. in children with excess body weight, impaired glucose metabolism were identified in 11.37% of subjects (IFG-8.16%, IGT-3.2%, diabetes-0.6%), and individuals with positive antibodies characterized by a higher incidence of pre-diabetes or diabetes mellitus and higher glycaemia at 120 min. OGTT than those without antibodies (27% vs 11% and 133 mg/dL vs 105.4 mg/dL, respectively) (34). This was consistent with our observation. HbA1c, however, was comparable in both subgroups.

We also investigated the possible relationship between the presence of autoimmune markers and the degree of obesity. The effect of type of obesity was not assessed, as all study participants were diagnosed with abdominal obesity. In our group, neither BMI z-score nor total body fat was related to the presence of islet autoantibodies. While BMI and body fat are good indicators of obesity, it was mainly the increase in visceral adipose tissue that was associated with insulin resistance and low-grade chronic inflammation, contributing not only to impaired insulin function and impaired insulin secretion, but also to the promotion of autoimmune responses against various organs (40, 45–49). We could not reliably measure or estimate that characteristics in this study setting. However, we noted that seropositive patients were characterized by higher WHtR, which corresponds to the severity of abdominal obesity, as well as higher insulin resistance, consistent with reports that abdominal obesity and insulin resistance have a negative effect on the development of an autoimmune response against pancreatic islet antigens (47, 48). According to a study in overweight/obese adults with T2D by Philla et al., the presence of antibodies was associated with lower resting C-peptide levels (29). We did not find a similar relationship in obese children and adolescents, either in terms of fasting or stimulated C-peptide secretion. Similarly, we found no significant differences in the lipid profiles reported in adults (islet autoantibodies associated with higher serum HDL-cholesterol concentration) (29).

The pubertal pediatric population has the physiologically lowest insulin sensitivity and the highest incidence of type 2 diabetes (50, 51). Girls are more likely to develop type 2 diabetes than boys, which may be due to overstimulation of the insulin receptor in pancreatic beta cells by endogenous estrogen (52). The pubertal period is also associated with a higher incidence of T1D than the early school age (53). In the present study, there was no correlation between age, gender, and pubertal stage in obese children and adolescents and the occurrence of anti-islet autoimmunity.

Genetic factors are crucial in the development of both T1D and T2D, and a burdensome family history and/or the presence of a genetically determined susceptibility to develop diabetes may be the determining factors tin bringing children and adolescents under close clinical observation and laboratory screening (36, 51). In the present study, data on the presence of T1D and other autoimmune diseases in 1st and 2nd degree relatives were obtained in 2/3 of patients. Obese children with anti-islet autoimmunity did not differ significantly in terms of family burden of autoimmune diseases, including T1D, from children without autoantibodies. It should be added that one patient diagnosed with T1D stage II according to ADA criteria had no family history of T1D or other autoimmune diseases.

There are several limitations of this work that should be disclosed. First, this was a single-center study, and patients were assessed at a single visit, without subsequent follow-up for autoimmunity markers or progression towards diabetes (except in one case). There was also no healthy control group available, which forced us to use literature-based data on the islet-autoantibody prevalence as reference. Finally, the analysis did not consider the effect of genetic HLA-dependent and HLA-independent susceptibility on the development of diabetes, and in some cases, it was not possible to verify information on the family burden of diabetes in the subjects.

On the other hand, we provided data from a fairly large sample of children and adolescents with simple obesity. The patients were of the same ethnic origin and were not pre-selected and matched in terms of genetic predisposition to develop diabetes. Anthropometric parameters were interpreted using national percentile grids, and both the effect of subjects’ age and pubertal stage were included in the data analysis. Five types of antibodies to pancreatic islet antigens were tested, and all tests were performed at a single reference center. Not only the frequency of carbohydrate metabolism disorders was analyzed, but also parameters determining pathogenetic phenomena related to glucose homeostasis - insulin sensitivity (HOMA-IR) and insulin secretion (OGTT, C-peptide - fasting and glucagon stimulated) were examined.



Conclusions

Children and adolescents with simple obesity in this study presented significantly higher rates of being positive for T1D-related islet autoantibodies, however, most of the difference was due to an increased prevalence of positive ICA. The presence of autoimmune markers was associated with insulin resistance and risk of prediabetes. Our results support that hypothesis that obesity might play a role in the development of T1D, but further research is needed. It might be worthwhile to extend diabetes screening in obese children and adolescents to include monitoring of the autoimmune response against pancreatic beta cells.
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