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Background: Lifestyle and environmental factors are known to contribute to allergic disease development, especially very early in life. However, the link between diet composition and allergic outcomes remains unclear.

Methods: In the present population-based cohort study we evaluated the dietary intake of 10-year-old children and analyses were performed with particular focus on atopic dermatitis or food allergy, allergic diseases known to be affected by dietary allergens. Dietary intake was assessed via semi-quantitative food frequency questionnaires. Based on these data, individual nutrient intake as well as children’s Dietary Inflammatory Index (C-DII™) scores were calculated. Information about atopic manifestations during the first 10 years of life and confounding factors were obtained from standardized questionnaires during pregnancy and annually thereafter.

Results: Analyses from confounder-adjusted logistic regression models (n = 211) revealed that having atopic outcomes was associated with having a pro-inflammatory pattern at the age of 10 years: OR = 2.22 (95% CI: 1.14–4.31) for children with atopic dermatitis and OR = 3.82 (95% CI: 1.47–9.93) for children with food allergy in the first 10 years of life.

Conclusion: A pro-inflammatory dietary pattern might worsen the atopic outcome and reduce the buffering capacity of the individual against harmful environmental exposures or triggers. For pediatricians it is recommended to test for the individual tolerance of allergenic foods and to increase the nutrient density of tolerable food items to avoid undesirable effects of eating a pro-inflammatory diet.
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GRAPHICAL ABSTRACT. Aim and design of the analysed project within the prospective LiNA cohort.




INTRODUCTION

In Western countries the increasing prevalence of atopic diseases has become a major problem in human health. Because allergy onset and atopic march begin in infancy (1), early prevention is advisable. Worldwide, approximately 15%–30% of children live with dermatitis (2, 3) and 4–10% of children suffer from food allergy (4–6). Both atopic dermatitis and food allergy have the earliest onset within the atopic march, resulting in highest prevalence in children before school age (7). Many risk factors for the development of atopic diseases – acting independently or in multifactorial combination – have been identified (8, 9). These include genetic background, individual immune response, barrier dysfunctions, microbiome alterations, as well as lifestyle behaviors (10, 11) and environmental conditions (12).

Diet represents a source of components that could affect atopy in a number of ways. First, diet is a potential source of allergens. Diet also could provide substrate for components that interfere with the pathology of atopy. Finally, it is well-known that diet can modulate inflammatory and related immune responses that can ameliorate or exacerbate allergic or atopic reactions. However, the link between diet composition and the pathogenesis of allergies is complex and not well understood. Though the important role of breastfeeding and timing/manner of introducing solid food is well understood, there are few dietary factors consumed in early life that are described to alter the risk for allergic diseases [e.g., vitamin D, pro/prebiotics or omega(ω)-3 long-chain polyunsaturated fatty acids (13, 14)]. A position paper of the European Association of Asthma, Allergy and Clinical Immunology (EAACI) outlined that it is of high importance to understand how diet diversity modulates allergic outcomes (15). The task force also recommends to use indices in the future to better describe the allergic potential of foods or food patterns within the context of diet diversity. There are several dietary indices available that have been analyzed with respect to nutritional quality, adherence to dietary guidelines or recommendations as well as in association with specific outcomes, such as cardiovascular disease risk (16, 17). Because allergies are characterized by inflammatory processes (18, 19), it would be appropriate to apply an index representing the inflammatory potential of the individual diet in this context (20, 21).

In addition to the role of specific dietary factors contributing to the pathogenesis of allergic and atopic conditions, it also is important to consider that individuals suffering from food allergen-triggered symptoms develop a specific dietary pattern due to their mandatory avoidance of causative allergens (7, 22–25). Such dietary restrictions are, themselves, known to be associated with adverse health issues (22). Knowing the dietary intake of individuals affected by allergies, in particular of children, might offer possibilities to improve their immune response, reduce symptom severity or relapse frequency which is even more important in growing individuals. Therefore, the aim of the present study was to evaluate the nutritional pattern in a cohort of 10-year-old children with respect to their development of allergic diseases known to be directly affected by dietary allergens such as atopic dermatitis or food allergy. Because of the role of inflammation in these conditions, the children’s Dietary Inflammatory Index (C-DII) was used to describe dietary exposure.



MATERIALS AND METHODS


Study Design

Within the population-based, prospective birth cohort study LiNA (Lifestyle and environmental factors and their Influence on Newborn’s Allergy risk) 629 mother-child-pairs (622 mothers and 629 children; 7 twins) were recruited during regular appointments with their midwife during May 2006 and December 2008 in Leipzig, Germany. The aim of the study is to investigate how lifestyle and environmental factors in the pre and postnatal period influence the immune system of the newborn and the child later in life with consequences for future allergy risk. Mothers suffering from chronic immune or infectious diseases during pregnancy were excluded from the study, as well as mothers with non-German ancestry/non-Caucasian ethnicity. Further, only term (≥ 37th week of pregnancy, ≥ 2,500 g birth weight) and healthy newborns (without postnatal infections that needed medical treatment) were included. General characteristics (such as sex of the child, mothers age at birth, birth mode, breastfeeding duration, presence of older siblings, parental school education, environmental tobacco smoke (ETS) exposure, pet keeping, family history of atopy, etc.) or outcome data were assessed during pregnancy and annually thereafter using questionnaires and in-person examinations. All questionnaires were self-administered by the parents (together with the children when they were old enough). Study participation was voluntary and written informed consent was obtained of all participants. The LiNA study was approved by the Institutional Review Board of the University of Leipzig and the Saxonian Board of Physicians (046-2006, 160-2008, 160b/2008, 144-10-31052010, 113-11-18042011, 206-12-02072012, 169/13-ff, 150/14-ff, EK-allg-28/14-1, 008/17-ek).



Dietary Assessment

Dietary intake was assessed at the age of 10 years using a semi-quantitative food frequency questionnaire (FFQ) asking for children’s intake of foods in the past 12 months. The FFQ contained 106 food items from 14 different food/beverage groups (bread and rolls, spreads, cheese and cold sausage, cereals and cornflakes, milk (-products) and eggs, basic carbohydrates, meat, fish, vegetables, fruits, cake and desserts, (salty) sweets and nuts, fats and oils and beverages) with nine non-overlapping frequency categories (never to ≥4 times/d) as well as five relative portion size options (1/4, 1/2, 1, 2, 3) referring to an exemplified or pictured standard portion size (i.e., Equal to 1). Relevant data on the fat content and type of preparation were recorded (e.g., fat content of milk products/raw or cooked vegetables etc.). The data based on FFQ where then analyzed using DGExpert (version 1.9, based on codes by the German Food Code and Nutrient Database – BLS 3.02) which outlined the individual intake of 158 macro- and micronutrients for every child. A comparison to applicable reference values (D (Germany) –A (Austria) –CH (Switzerland) reference) is provided by DGExpert considering the children’s personal data [age, sex, weight, height and Physical Activity Level (PAL)] to calculate individual energy- and nutrient requirements. Average PAL was considered to be 1.6 according to the German Society of Nutrition (DGE) and was further adopted according to children’s activity on their way to school (how children went to school (walk/bike/car) and how long this took). In addition to the nutrient calculation, the consumption of specific food groups was analyzed according to the optimized mixed diet (OptimiX) recommendation (beverages [mL/d], bread and cereals [g/d], pasta, rice and potatoes [g/d], vegetables [g/d], fruits [g/d], milk and dairy products [g/d], meat and sausages [g/d], eggs [pieces/week], fish [g/week], fats [g/d] or tolerated food group [portions/d, sweets, snacks, soft drinks] (26).



Children’s Dietary Inflammatory Index

Using data from the FFQ the inflammatory potential of the participant’s diet was evaluated by calculating the children’s Dietary Inflammatory Index (C-DII) for each child. The detailed C-DII methodology has been established and described earlier (27). Briefly, the Dietary Inflammatory Index (DII) classifies human dietary patterns on a continuous scale from anti-inflammatory (values <0) to pro-inflammatory (values >0) based on a broad literature database with respect to 45 foods or nutrients that were described to be associated with inflammatory markers such as interleukin (IL)-1b, IL-4, IL-6, IL-10, tumor necrosis factor (TNF)-a and C-reactive protein (CRP) (28). The DII was further adapted for children (C-DII) using 25 nutrients or food parameters (27). All parameters except selenium (missing software database information) were included for the LiNA C-DII; Anti-inflammatory parameters included: vitamin A, thiamine (vitamin B1), riboflavin (vitamin B2), niacin (vitamin B3), vitamin B6, folic acid (vitamin B9), vitamin D, vitamin C, vitamin E, beta carotene, fiber, mono-unsaturated fatty acid (MUFA), poly-unsaturated fatty acid (PUFA), magnesium (Mg) and zinc (Zn); Pro-inflammatory parameters included: vitamin B12, energy, carbohydrates, total fat, saturated fat, cholesterol, protein, alcohol and iron (Fe). Next to data on the inflammatory potential of the diet, dietary intakes from a wide range of diverse populations from different countries representing six continents were used to construct a consumption database that was referred to as Z-Scores (27).



Atopic Outcomes

Atopic dermatitis and food allergy were used as atopic outcomes in the present analyses. Atopic dermatitis was recorded annually via parental report of a doctor-diagnosed atopic dermatitis or as the diagnosis of the study physician at the annual LiNA medical examination. For food allergy the annual parental report of a doctor-diagnosed food allergy was used. Outcome prevalence was defined as at least one positive indication within the first 10 years of life.



IgE Measurements

Total immunoglobulin E (IgE), as well as IgE specific for food allergens (fx5) or inhalative allergens (sx1) were determined at children’s age of 10 years by Phadia ImmunoCAP system (Thermo Fisher Scientific, Freiburg, Germany) from serum samples. Total IgE concentration >34.6 kU/l was classified as “increased,” as well as specific IgE (sx1 or fx5) >0.35 U/l (29). Values below the detection limit were included in the analyses using half of the defined detection limit.



Statistical Analyses

After testing for normal distribution with Shapiro-Wilk test, descriptive analyses were performed using non-parametric tests for parameters found not to be distributed normally. Data are presented as medians with 25–75th percentile (1st to 3rd quartile) or as frequencies (%). χ2-tests were used to compare characteristics in the analyzed sub-cohort at age 10 years with the total cohort recruited during pregnancy (sex of the child, mothers age at birth, birth mode, breastfeeding duration, presence of older siblings, parental school education (highest level), environmental tobacco smoke (ETS) exposure during pregnancy, pet keeping during pregnancy, family history of atopy and body mass index). Further, these characteristics were compared within the cohort for analysis with respect to children’s anti-/pro-inflammatory C-DII. Characteristics known to be associated with atopic outcomes that were also associated with the C-DII were included as confounders in the regression models.

The relationship between atopic outcomes and nutrients/C-DII/food groups as well as the association between C-DII and food groups was addressed using the Mann–Whitney U-test. To adjust for confounders, multiple logistic regression models were used to calculate the risk of having a pro-inflammatory C-DII at the age of 10 years (dependent variable) with respect of the atopic outcome development within the first 10 years of life (independent variable) while adjusting for potential confounding factors (sex of the child, breastfeeding duration, parental school education, pet keeping during pregnancy and body mass index age 10). Data are presented as odds ratios with 95% confidence interval. All p-values <0.05 were considered to be significant. Statistical analyses were performed with STATISTICA for Windows, Version 13 (Statsoft Inc.), R (version 3.6.1; R development Core Team) or GraphPad Prism (Version 8.1.2.).




RESULTS


Characteristics of the Analyzed LiNA Sub-Cohort

From the total cohort (n = 629), 268 participated in the 10-year campaign and 211 of whom were available with complete FFQ as well as confounding data (Supplementary Figure 1). Drop outs resulted from loss to follow-up over 10 years (average annual drop out 8.95%). Reasons for drop out – if available – were for example family moving or less available time when kids entered school. General characteristics (sex of the child, mothers age at birth, birth mode, breastfeeding duration, presence of older siblings, parental school education (highest level), environmental tobacco smoke (ETS) exposure during pregnancy, pet keeping during pregnancy, family history of atopy and body mass index) of the analyzed sub-cohort compared to the total LiNA cohort are presented in Table 1 with no differences seen between the two groups.


TABLE 1. Study characteristics.
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Atopic Outcomes

Within the analyzed sub-cohort prevalence of atopic dermatitis and food allergy during the first 10 years of life was 37.4 and 11.8%, respectively (Supplementary Table 1). From the 79 children diagnosed with atopic dermatitis, 76.2% had increased total IgE levels measured at the age of 10 years compared to the allergy-diagnostic reference value of 34.6 kU/l for 10-year-old children. Further, 25.4% of these children had increased food-allergen-specific fx5 levels as well as 61.2% increased airway-allergen-specific sx1 levels. In addition, from the 25 children with food allergy 90.5% had increased total IgE levels, 33.3% increased fx5 levels as well as 71.4% increased sx1 levels at the age of 10 years. For 16 children both atopic dermatitis and food allergy was reported.



General Dietary Intake

Because it was the first time that nutrients were assessed via FFQ and DGExpert in the LiNA cohort, a comparison of the final LiNA nutrient data set was performed with data from a study with similar design/geographical region as were available from EsKiMo, a nutritional module from the Robert Koch institute’s KiGGs study (30). All analyzed macronutrients (% of total energy intake for fat, carbohydrates and proteins, absolute amounts of fatty acids, cholesterol, sugar and fibers) or absolute amounts of consumed minerals or vitamins were in a very similar range and thus comparable between LiNA and EsKiMo (31) for 10-year-old boys and girls (Supplementary Table 2; overall median difference between LiNA and EsKiMo was 8%).

For the following investigations, a representative subset of 35 nutrients (macronutrients, minerals, and fat/water soluble vitamins) was analyzed. In general, the overall intake of macro- and micronutrients of the LiNA participants was displayed as % of total energy intake (carbohydrates, fat, and proteins) or as absolute values; both compared to the D-A-CH-reference values which is shown in Supplementary Figure 2 for all children and in Supplementary Figure 3 for boys/girls separately. For macronutrients in all children, data exceeded the recommendation for total fat intake (30% of energy) and total protein intake (0.9 g/kg body weight; in LiNA adequate to an overall 6.6% of the total energy intake) as pictured in Supplementary Figure 2A, with the girls being significantly lower in protein intake than the boys (Supplementary Figure 3A). Children’s minerals intake exceeded the D-A-CH reference for sodium (Na), chloride (Cl), magnesium (Mg), zinc (Zn), copper (Cu), and manganese (Mn), while calcium (Ca), phosphorus (P), iron (Fe) and iodine (I) and fluoride (F), in particular, were below D-A-CH reference values (Supplementary Figure 2B). According to sex differences, girls had a significant lower Na, Cl, K, Ca, P, Mg, Fe, I, F, and Cu intake than the boys (Supplementary Figure 3B). Potassium (K) intake was according to the recommendations. With respect to fat-soluble vitamins shown in Supplementary Figure 2C for the total sub-cohort, children were above (for vitamin A and K) and below (for vitamin E and in particular for vitamin D) the recommendation, with no differences between girls/boys (Supplementary Figure 3C). Water soluble vitamins (Supplementary Figure 2D) were all clearly on or above the recommended intake (for vitamin C, B1 (thiamine), B2 (riboflavin), B3 (niacin), B6, B7 (biotin), B9 (folate) and B12), with girls being significant lower in B5 (pantothenic acid), B7 and B12 intake than the boys (Supplementary Figure 3D). According to our data only vitamin B5 was consumed in amounts below the current recommendations (Supplementary Figure 2D), in particular by girls (Supplementary Figure 3D).



Dietary Intake With Respect to Atopic Diseases

The dietary intake assessed at the age of 10 years was analyzed with respect to children’s development of atopic dermatitis or food allergy within the first 10 years of life (Table 2). Children with atopic dermatitis/food allergy consumed significantly lower amounts of fiber (in % of the total energy intake) than children without atopic dermatitis/food allergy. Sugar intake was lower in children with atopic dermatitis; however, overall sugar intake was above the recommendation of 10% of the total energy intake in all children. The intake of minerals was not different in children with or without atopic dermatitis/food allergy. Children with atopic dermatitis had a significant lower intake of vitamins C, E, and B7 compared to children who did not develop an atopic dermatitis within the first 10 years of life. However, both groups had either higher (for vitamin C and B7) or lower levels (for vitamin E) compared to the D-A-CH reference. Vitamin intake of children with food allergy was not different from those without food allergy within the first 10 years of life.


TABLE 2. Single nutrients and atopic outcomes.
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Children’s Dietary Inflammatory Index

Children’s dietary inflammatory index scores were calculated to quantify the inflammatory potential of the diet of LiNA children. In general, values above 0 indicate a more pro-inflammatory pattern, whereas values below 0 indicate an anti-inflammatory pattern. Overall, the LiNA children had a median C-DII of −0.97 (interquartile range (IQR): −2.06 to 0.26; n = 211), with girls being lower than boys (i.e., −1.22 (IQR: −2.17 to −0.24; n = 104 compared to −0.53 (IQR: −1.93 to 0.77; n = 107), respectively. Furthermore, general characteristics were compared between children who had a more anti-inflammatory (C-DII <0) and those who had a pro-inflammatory (C-DII >0) dietary pattern (Table 3). Data revealed that sex, breastfeeding duration, parental school education and children’s body mass index at the age of 10 years differed between children with pro-inflammatory and those with anti-inflammatory C-DII score. Next, the C-DII was analyzed in the context of atopic dermatitis and food allergy. As shown in Table 4, there were no significant differences in C-DII between children with and those without atopic outcomes, although C-DII levels tended to be lower (indicating a more anti-inflammatory diet) in children without atopic outcomes. When C-DII was grouped into anti-inflammatory (<0) and pro-inflammatory (>0), regression models revealed that having atopic outcomes was associated with having a pro-inflammatory pattern at the age of 10 years (Table 5; OR = 2.22, 95% CI: 1.14–4.31) for children with atopic dermatitis, OR = 3.82 (95% CI: 1.47–9.93) for children with food allergy in the first 10 years of life). These associations were independent of confounders. This more pro-inflammatory pattern in children with atopic outcomes was supported by analyses of specific consumed food groups: children that developed atopic dermatitis within the first 10 years of life consumed significantly less fruits and nuts, children with food allergy consumed significantly more of the tolerated food group including sweets/snacks etc. (Figure 1). Children with a pro-inflammatory diet (C-DII >0) consumed fewer vegetables, fruits and nuts, but more meat/sausages and more sweets/snacks (Figure 2).


TABLE 3. C-DII and study characteristics.
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TABLE 4. C-DII and atopic outcomes.
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TABLE 5. Pro-inflammatory C-DII and atopic outcomes.
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FIGURE 1. Food groups and atopic outcomes. Children’s consumed food groups at the age of 10 years according to having developed atopic dermatitis (AD +) or food allergy (FA +) within the first 10 years of life or not (AD- and FA-, respectively). Green line: OptiMix recommendations for 10–12 year old children. Data are presented as violin plots with median (bold dotted line) and 25 to 75th percentile (dotted line), n = 211. ***Significant difference (p < 0.05) between AD+/AD- or FA+/ FA-, respectively (Mann–Whitney U-test).
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FIGURE 2. Food groups and C-DII. Children’s consumed food groups at the age of 10 years according to having a pro (C-DII >0) or anti-inflammatory (C-DII <0) diet at the age of 10 years. Green line: OptiMix recommendations for 10–12 year old children (26). Data are presented as violin plots with median (bold dotted line) and 25 to 75th percentile (dotted line), n = 211. ***Significant difference (p < 0.05) by Mann–Whitney U-test.





DISCUSSION

In this project we assessed the dietary intake of 10-year-old children for the first time within the prospective birth cohort, LiNA. According to participants’ overall dietary intake, we were able to show that they had an adequate intake of the majority of nutrients, with some even exceeding the recommendations (e.g., for total fat, SFA, protein, sugar, Na and Cl). In contrast, for some nutrients children did not even reach half of the recommendation (e.g., vitamin D, F, I). When compared to other studies, LiNA results on the intake of specific nutrients, as well as the consumed food groups [according to the OptiMix recommendation (26)] were very similar to other studies; for example, compared to the nutritional assessment within Robert-Koch-Institute’s EsKiMo module (31). The overall median nutrient difference between children from LiNA and EsKiMo was 8%, supported by similar data on food consumption with respect to the recommendation as shown for 6–11 year-old children from EsKiMo: lower consumption of vegetables, fruits and carbohydrates (bread, cereals, pasta, rice and potatoes) as well as higher consumption of meat (meat, sausages, etc.) and sweets and snacks (31). Further, our data indicated that girls’ intakes of minerals and water soluble vitamins was higher than boys’ intakes. Sex-specific differences in food groups that provide these nutrients such as vegetables were also described previously (32–34).

In addition to the overall dietary pattern of the LiNA children, analyses on the intake of single nutrients and atopic outcomes were performed. We were not able to show a clear allergy-specific dietary pattern, although there were some changes in vitamins (B7, C, and E), sugar and fiber. Still, when interpreted according to the D-A-CH-references, these nutrients were lower (vitamin E) or higher (vitamin B7 and C and sugar) than the recommendation values independent of children’s allergy development. However, children with atopic dermatitis/food allergy within the last 10 years of life were more likely to show a less anti-inflammatory/more pro-inflammatory dietary pattern at the age of 10 years as assessed via the C-DII. In line with this, we were also able to show that children who developed atopic dermatitis within the first 10 years of life consumed significantly less fruits and nuts – food groups which, next to others, provide mostly nutrients that would drive the C-DII toward an anti-inflammatory pattern. This was supported by the significantly lower intake of vitamin C, E, and B7 in LiNA children with atopic dermatitis within the first 10 years of life. In addition, children with food allergy within the first 10 years of life consumed significantly more of the tolerated food group [which emphasizes sweets/snacks etc., according to Kersting et al. (26)]. This food group provides mostly nutrients that drive the C-DII toward a pro-inflammatory pattern such as sugar or saturated fat (with the consequence that these energy-dense foods result in higher overall energy intake and greater inflammation). This was confirmed by showing that children’s pro-inflammatory diet was associated with a lower intake of vegetables, fruits and nuts and a higher intake of meat products and sweets/snacks. We hypothesize that children might have developed this less-anti-inflammatory/more pro-inflammatory diet due to an avoidance of possible anti-inflammatory – but allergy triggering – food items. It was described earlier that therapeutic strategies in atopic dermatitis and food allergy often involve dietary exclusions, which may be seen as mandatory in children sensitive to food allergens for whom accidental and potentially life threatening anaphylactic reactions can occur (6). It was also described that these exclusions may impact diet quality, nutrient intake and nutrient demands. It was even shown that an unsupervised elimination diet in childhood might lead to malnutrition, growth retardation, vitamin deficiencies and associated health issues (22, 35). In the context of this study, a pro-inflammatory diet consumed by the children might worsen the atopic outcome itself (20) and furthermore reduce their buffering capacity against harmful environmental exposures or triggers. An optimal nutritional status was described to be protective against both communicable and non-communicable diseases (36).

Because of the design of this study, reverse causality could not be ruled out. The diet as assessed at the age of 10 years could be a proxy for children’s lifelong dietary pattern. The C-DII assessed in LiNA at the age of 10 was associated with markers of socio-economic status (SES) of their families assessed during pregnancy (such as parental school education). It has been shown previously that lower SES is associated with poorer nutrition (37). Studies also suggest that children begin to assimilate and mimic their parents’ food choices at a very young age (38) and that this parent-child-transmission in dietary behaviors is dependent on SES (39). It was further shown that parental SES impacts childhood health issues (40) and that healthy lifestyle promotion alone might not substantially reduce the socioeconomic inequity in health (41). So, it also should be kept in mind that a pro-inflammatory diet consumed by the children on a daily basis throughout infancy also might have contributed to their allergy development. However, with the data available in our cohort, we are not able to examine the direction of temporal ordering of these effects in further detail.

To the best of our knowledge, this is the first use of the C-DII in association with atopic dermatitis and food allergy. Both atopic dermatitis and food allergy are characterized by inflammatory processes (18, 19), similar to other non-communicable diseases that are characterized by low-grade, chronic systemic inflammation. It was shown, for example, that in adults a pro-inflammatory diet (DII >0) was associated with an increased risk of certain cancers, cardiovascular disease, adverse mental health outcomes, and musculoskeletal disorders (21). It also is known that a pro-inflammatory diet is linked to greater all-cause mortality risk (42). The evidence for an association between DII and respiratory health, neurodevelopmental outcomes, metabolic syndrome, diabetes and obesity was described to be either conflicting or scarce (21). Furthermore, there are limited data in the context of DII and allergies, and the available data so far address mainly respiratory issues such as asthma or wheezing. For example, in children, a pro-inflammatory diet was not associated with current asthma or lung function, but in children with allergic airway inflammation, a higher DII score was associated with a 2.38 fold higher risk of wheezing (43). In addition, a pro-inflammatory diet was associated with asthma (20). Further, it was shown that higher inflammatory potential of the maternal diet was associated with increased odds of offspring asthma and/or wheeze by age 4 years, although results attenuated into non-significance after adjustment for confounders (44).

One strength of our study lies in the well-characterized participants regarding longitudinal atopic outcomes and exposure variable assessment, including diet. Therefore, a possible link between children’s dietary intake of specific nutrients or specific indices such as the C-DII and allergy development could be investigated. The use of an index such as the C-DII offers an insight into the total dietary pattern compared to interpreting singular effects of specific nutrients. A limitation of the LiNA study in general is the potential bias by high rates of participating atopic parents (64.7%), limiting our ability to extrapolate findings to the general population (with approximately 30% prevalence of atopic outcomes). This fact is accumulating even more throughout the 10-year follow up, in detail 76% of the children positive for AD within our analyzed sub-cohort show a positive family history of atopy. This shift was also seen in the high rates of increased IgE levels in children negative for atopic dermatitis or food allergy. One further limitation of the study is the low number of cases in certain outcomes, in particular when analyses are stratified for sex, which limited the power of the results. Furthermore, outcome data were obtained, in part, from parental questionnaire documented physician diagnosis of outcomes. This might reduce the strengths of the reported results. However, by including clinical allergy markers such as the IgE data we may overcome this limitation, at least in part. Further, the high rates of increased IgE levels at the age of 10 years in children positive of atopic dermatitis or food allergy at least once during their first 10 years outlines that these children have a persistent atopic phenotype also at the age of 10 years. Another major limitation is the missing questionnaire information on children’s physical activity in general and in their leisure time in particular. Therefore, we probably have under-estimated the energy expenditure in several children. However, our data are very similar to the study protocol from Eskimo (30) who also reported this limitation.



CONCLUSION

Children with atopic dermatitis/food allergy within their first 10 years of life were more likely to show a more pro-inflammatory dietary pattern assessed at the age of 10 years via the C-DII compared to children without allergic diseases. Because of their allergy history, these children may have developed a more pro-inflammatory dietary pattern due to avoidance of possible allergy triggers such as fruits or nuts for example. Overall, a pro-inflammatory dietary pattern might worsen the atopic outcome itself and reduce the buffering capacity of the individual against harmful environmental exposures or triggers. For pediatricians it is recommended to test affected children for their individual tolerance of allergenic foods to avoid a restrict elimination diet. Furthermore, an increased nutrient density of tolerable food items should be advised to omit undesirable effects of eating a pro-inflammatory diet.



DATA AVAILABILITY STATEMENT

The datasets presented in this article are not readily available because longitudinal LiNA datasets are not anonymized. Therefore, the raw cohort data cannot be provided as an open source file due to ethical declaration/data protection issues. Data can be requested in their analysed version from the corresponding author. Requests to access the datasets should be directed to KJ, kristin.junge@ufz.de.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Institutional Review Board of the University of Leipzig and the Saxonian Board of Physicians (046-2006, 160-2008, 160b/2008, 144-10-31052010, 113-11-18042011, 206-12-02072012, 169/13-ff, 150/14-ff, EK-allg-28/14-1, and 008/17-ek). Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin.



AUTHOR CONTRIBUTIONS

KJ: conceptualization and project administration. OS, LB, NS, JH, and JF: methodology. OS, LB, and NS: software. OS, KJ, and SR: validation. OS and KJ: formal analysis, visualization, and writing – original draft preparation. AZ and GH: resources. MB, US, and WK: clinical resources. SR: data curation. GS, GH, JF, JH, AZ, OS, LB, SR, MB, US, NS, and WK: writing – review and editing. KJ and GS: supervision. GH: cohort PI. All authors contributed to the article and approved the submitted version.



FUNDING

This LiNA study was funded by intramural funding from the Department of Environmental Immunology, Helmholtz Centre for Environmental Research – UFZ (PI: GH).



ACKNOWLEDGMENTS

We thank Melanie Bänsch, Maik Schilde, and Michaela Loschinski for excellent technical assistance and all participants of the LiNA study for contributing to the study over all the years.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2022.868872/full#supplementary-material


ABBREVIATIONS

AD, atopic dermatitis; C-DII, children’s Dietary Inflammatory Index; FA, food allergy; fx5, specific IgE for food allergen (mix); IL, interleukin; sx1, specific IgE for respiratory allergen (mix); OR, odds ratio.


REFERENCES

1. Davidson WF, Leung DYM, Beck LA, Berin CM, Boguniewicz M, Busse WW, et al. Report from the National institute of allergy and infectious diseases workshop on “atopic dermatitis and the atopic march: mechanisms and interventions”. J Allergy Clin Immunol. (2019) 143:894–913. doi: 10.1016/j.jaci.2019.01.003

2. Abuabara K, Yu AM, Okhovat JP, Allen IE, Langan SM. The prevalence of atopic dermatitis beyond childhood: a systematic review and meta-analysis of longitudinal studies. Allergy. (2018) 73:696–704. doi: 10.1111/all.13320

3. Wollenberg A, Barbarot S, Bieber T, Christen-Zaech S, Deleuran M, Fink-Wagner A, et al. Consensus-based European guidelines for treatment of atopic eczema (atopic dermatitis) in adults and children: part I. J Eur Acad Dermatol Venereol. (2018) 32:657–82.

4. Sampath V, Abrams EM, Adlou B, Akdis C, Akdis M, Brough HA, et al. Food allergy across the globe. J Allergy Clin Immunol. (2021) 148:1347–64. doi: 10.1016/j.jaci.2021.10.018

5. Sicherer SH, Sampson HA. Food allergy: a review and update on epidemiology, pathogenesis, diagnosis, prevention, and management. J Allergy Clin Immunol. (2018) 141:41–58. doi: 10.1016/j.jaci.2017.11.003

6. Hildebrand H, Simons E, Kozyrskyj AL, Becker AB, Protudjer JL. Calcium intake in children with eczema and/or food allergy: a prospective cohort study. Nutrients. (2019) 11:3039. doi: 10.3390/nu11123039

7. Mastrorilli C, Caffarelli C, Hoffmann-Sommergruber K. Food allergy and atopic dermatitis: prediction, progression, and prevention. Pediatr Allergy Immunol. (2017) 28:831–40. doi: 10.1111/pai.12831

8. Stefanovic N, Irvine AD, Flohr C. The role of the environment and exposome in atopic dermatitis. Curr Treat Options Allergy. (2021) 8:222–41. doi: 10.1007/s40521-021-00289-9

9. Guner SN, Gokturk B, Kilic M, Ozkiraz S. The prevalences of allergic diseases in rural and urban areas are similar. Allergol Immunopathol (Madr). (2011) 39:140–4. doi: 10.1016/j.aller.2010.05.004

10. Weisse K, Winkler S, Hirche F, Herberth G, Hinz D, Bauer M, et al. Maternal and newborn vitamin D status and its impact on food allergy development in the German LINA cohort study. Allergy. (2013) 68:220–8. doi: 10.1111/all.12081

11. Junge KM, Bauer T, Geissler S, Hirche F, Thurmann L, Bauer M, et al. Increased vitamin D levels at birth and in early infancy increase offspring allergy risk-evidence for involvement of epigenetic mechanisms. J Allergy Clin Immunol. (2016) 137:610–3. doi: 10.1016/j.jaci.2015.06.040

12. Junge KM, Buchenauer L, Elter E, Butter K, Kohajda T, Herberth G, et al. Wood emissions and asthma development: results from an experimental mouse model and a prospective cohort study. Environ Int. (2021) 151:106449. doi: 10.1016/j.envint.2021.106449

13. Trikamjee T, Comberiati P, D’Auria E, Peroni D, Zuccotti GV. Nutritional factors in the prevention of atopic dermatitis in children. Front Pediatr. (2020) 8:577413. doi: 10.3389/fped.2020.577413

14. Halken S, Muraro A, de Silva D, Khaleva E, Angier E, Arasi S, et al. EAACI guideline: preventing the development of food allergy in infants and young children (2020 update). Pediatr Allergy Immunol. (2021) 32:843–58. doi: 10.1111/pai.13496

15. Venter C, Greenhawt M, Meyer RW, Agostoni C, Reese I, du Toit G, et al. EAACI position paper on diet diversity in pregnancy, infancy and childhood: novel concepts and implications for studies in allergy and asthma. Allergy. (2020) 75:497–523. doi: 10.1111/all.14051

16. Truthmann J, Richter A, Thiele S, Drescher L, Roosen J, Mensink GB. Associations of dietary indices with biomarkers of dietary exposure and cardiovascular status among adolescents in Germany. Nutr Metab (Lond). (2012) 9:92. doi: 10.1186/1743-7075-9-92

17. Tyson CC, Nwankwo C, Lin PH, Svetkey LP. The dietary approaches to stop hypertension (DASH) eating pattern in special populations. Curr Hypertens Rep. (2012) 14:388–96. doi: 10.1007/s11906-012-0296-1

18. Bieber T. Atopic dermatitis: an expanding therapeutic pipeline for a complex disease. Nat Rev Drug Discov. (2022) 21:21–40. doi: 10.1038/s41573-021-00266-6

19. Sampson HA, O’Mahony L, Burks AW, Plaut M, Lack G, Akdis CA. Mechanisms of food allergy. J Allergy Clin Immunol. (2018) 141:11–9.

20. Cilluffo G, Han YY, Ferrante G, Dello Russo M, Lauria F, Fasola S, et al. The dietary inflammatory Index and asthma burden in children: a latent class analysis. Pediatr Allergy Immunol. (2022) 33:e13667. doi: 10.1111/pai.13667

21. Phillips CM, Chen LW, Heude B, Bernard JY, Harvey NC, Duijts L, et al. Dietary inflammatory index and non-communicable disease risk: a narrative review. Nutrients. (2019) 11:1873. doi: 10.3390/nu11081873

22. Eigenmann PA, Beyer K, Lack G, Muraro A, Ong PY, Sicherer SH, et al. Are avoidance diets still warranted in children with atopic dermatitis? Pediatr Allergy Immunol. (2020) 31:19–26. doi: 10.1111/pai.13104

23. Christie L, Hine RJ, Parker JG, Burks W. Food allergies in children affect nutrient intake and growth. J Am Diet Assoc. (2002) 102:1648–51. doi: 10.1016/s0002-8223(02)90351-2

24. Sova C, Feuling MB, Baumler M, Gleason L, Tam JS, Zafra H, et al. Systematic review of nutrient intake and growth in children with multiple IgE-mediated food allergies. Nutr Clin Pract. (2013) 28:669–75. doi: 10.1177/0884533613505870

25. Kim J, Kwon J, Noh G, Lee SS. The effects of elimination diet on nutritional status in subjects with atopic dermatitis. Nutr Res Pract. (2013) 7:488–94. doi: 10.4162/nrp.2013.7.6.488

26. Kersting M, Alexy U, Clausen K. Using the concept of food based dietary guidelines to develop an optimized mixed diet (OMD) for German children and adolescents. J Pediatr Gastroenterol Nutr. (2005) 40:301–8. doi: 10.1097/01.mpg.0000153887.19429.70

27. Khan S, Wirth MD, Ortaglia A, Alvarado CR, Shivappa N, Hurley TG, et al. Design, development and construct validation of the children’s dietary inflammatory index. Nutrients. (2018) 10:993. doi: 10.3390/nu10080993

28. Shivappa N, Steck SE, Hurley TG, Hussey JR, Hebert JR. Designing and developing a literature-derived, population-based dietary inflammatory index. Public Health Nutrition. (2014) 17:1689–96. doi: 10.1017/S1368980013002115

29. Csorba S, Jezerniczky J, Ilyes I, Nagy B, Dvoracsek E, Szabo B. Immunoglobulin E in the sera of infants and children. Acta Paediatr Acad Sci Hung. (1976) 17:207–14.

30. Mensink GB, Bauch A, Vohmann C, Stahl A, Six J, Kohler S, et al. [EsKiMo - the nutrition module in the German health interview and examination survey for children and adolescents (KiGGS)]. Bundesgesundheitsblatt Gesundheitsforschung Gesundheitsschutz. (2007) 50:902–8. doi: 10.1007/s00103-007-0254-2

31. Mensink G, Heseker H, Richter A, Stahl A, Vohmann C, Fischer J, et al. Ernährungsstudie als KiGGS-Modul (EsKiMo). Berlin: Robert Koch-Institut, Universtität Paderborn (2007). p. 1–137.

32. Behrendt I, Krawinkel M. [Children should eat more fruit and vegetables. results of PRO GREENS]. Bundesgesundheitsblatt Gesundheitsforschung Gesundheitsschutz. (2012) 55:254–9. doi: 10.1007/s00103-011-1409-8

33. Glynn L, Emmett P, Rogers I, Team AS. Food and nutrient intakes of a population sample of 7-year-old children in the south-west of England in 1999/2000 - what difference does gender make? J Hum Nutr Diet. (2005) 18:7–19; quiz21–3. doi: 10.1111/j.1365-277X.2004.00582.x

34. Lehto E, Ray C, Haukkala A, Yngve A, Thorsdottir I, Roos E. Predicting gender differences in liking for vegetables and preference for a variety of vegetables among 11-year-old children. Appetite. (2015) 95:285–92. doi: 10.1016/j.appet.2015.07.020

35. Cartledge N, Chan S. Atopic dermatitis and food allergy: a paediatric approach. Curr Pediatr Rev. (2018) 14:171–9. doi: 10.2174/1573396314666180613083616

36. Birgisdottir BE. Nutrition is key to global pandemic resilience. BMJ Nutr Prev Health. (2020) 3:129–32. doi: 10.1136/bmjnph-2020-000160

37. Alkerwi A, Vernier C, Sauvageot N, Crichton GE, Elias MF. Demographic and socioeconomic disparity in nutrition: application of a novel correlated component regression approach. BMJ Open. (2015) 5:e006814. doi: 10.1136/bmjopen-2014-006814

38. Sutherland LA, Beavers DP, Kupper LL, Bernhardt AM, Heatherton T, Dalton MA. Like parent, like child: child food and beverage choices during role playing. Arch Pediatr Adolesc Med. (2008) 162:1063–9. doi: 10.1001/archpedi.162.11.1063

39. Donnelly R, Marteleto LJ. Gender, socioeconomic status, and diet behaviors within Brazilian families. Socius. (2018) 4. doi: 10.1177/2378023118804688

40. Berhan YT, Eliasson M, Mollsten A, Waernbaum I, Dahlquist G. Swedish childhood diabetes study G. impact of parental socioeconomic status on excess mortality in a population-based cohort of subjects with childhood-onset type 1 diabetes. Diabetes Care. (2015) 38:827–32. doi: 10.2337/dc14-1522

41. Zhang YB, Chen C, Pan XF, Guo J, Li Y, Franco OH, et al. Associations of healthy lifestyle and socioeconomic status with mortality and incident cardiovascular disease: two prospective cohort studies. BMJ. (2021) 373:n604. doi: 10.1136/bmj.n604

42. Garcia-Arellano A, Martinez-Gonzalez MA, Ramallal R, Salas-Salvado J, Hebert JR, Corella D, et al. Dietary inflammatory index and all-cause mortality in large cohorts: the SUN and PREDIMED studies. Clin Nutr. (2019) 38:1221–31. doi: 10.1016/j.clnu.2018.05.003

43. Han YY, Forno E, Shivappa N, Wirth MD, Hebert JR, Celedon JC. The dietary inflammatory index and current wheeze among children and adults in the United States. J Allergy Clin Immunol Pract. (2018) 6:834–841e2. doi: 10.1016/j.jaip.2017.12.029

44. Venter C, Palumbo MP, Sauder KA, Glueck DH, Starling AP, Ringham BM, et al. Examining associations between dietary inflammatory index in pregnancy, pro-inflammatory cytokine and chemokine levels at birth, and offspring asthma and/or wheeze by age 4 years. J Acad Nutr Diet. (2021) 121:2003–2012e3. doi: 10.1016/j.jand.2021.02.015


Conflict of Interest: JH owns controlling interest in Connecting Health Innovations LLC (CHI), a company that has licensed the right to his invention of the dietary inflammatory index (DII®) from the University of South Carolina in order to develop computer and smart phone applications for patient counseling and dietary intervention in clinical ettings. NS is an employee of CHI.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Schütte, Bachmann, Shivappa, Hebert, Felix, Röder, Sack, Borte, Kiess, Zenclussen, Stangl, Herberth and Junge. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fnut-09-868872-t001.jpg
Analyzed Entire LiINA p-value

sub-cohort cohort x2 test
Age 10 Pregnancy
N=2112n (%) N =629? n (%)
Sex of child 0.80
Male 107 (50.7) 330 (52.5)
Female 104 (49.3) 299 (47.5)
Mothers age at birth 0.74
<25 years 16 (7.58) 66 (10.5)
>25 - 30 years 72 (34.1) 239 (38.0)
>30 - 35 years 77 (36.5) 214 (34.0)
>35 46 (21.8) 110 (17.5)
Birth mode 0:72
Spontaneous 152 (72.0) 471 (74.9)
Cesarean section 56 (26.5) 132 (21.0)
Others 2 (1.00) 7(1.10)
Breastfeeding duration 0.56
No 11 (56.20) 26 (4.10)
3 months 27 (12.8) 112 (17.8)
6 months 60 (28.4) 190 (30.2)
12 months 107 (50.7) 254 (40.4)
Presence of older siblings 0.79
Yes 74 (35.1) 208 (33.1)
No 136 (64.5) 414 (65.8)
Parental school education® 0.64
Low 2 (1.00) 16 (2.50)
Medium 43 (20.4) 142 (22.6)
High 165 (78.2) 464 (73.8)
ETS® exposure pregnancy 0.34
No 168 (81.6) 464 (76.1)
Yes 38(18.4) 146 (23.9)
Pet keeping pregnancy 0.62
No 128 (61.2) 358 (57.8)
Yes 81(38.8) 261 (42.2)
Family history of atopy 0.97
None 69 (32.7) 212 (33.7)
One 103 (48.8) 296 (47.1)
Both 39 (18.5) 121 (19.2)
Body mass index age 109
Underweight 25(12.0) -
Normal weight 166 (79.4) &
Overweight/obese 18 (8.6) -

an may differ from 211/629 due to missing data.

b/ ow = 8 years school education; medium = 10 years school education; high = at
least 12 years school education.

CEnvironmental tobacco smoke.

dUnderweight (body mass index equivalent to <185 kg/m? at 18 years),
normal weight (body mass index equivalent to 18,5 —<25 kg/m? at 18 years),
overweight/obese (body mass index equivalent to >25 kg/m? at 18 years).
General characteristics of the analyzed sub-cohort compared to the
total LINA cohort.
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Atopic dermatitis within the first 10 years

Without disease outcome With disease outcome
n Median 1st quartile 3rd quartile n Median 1st quartile 3rd quartile p-value*
All 182 -1.19 —2.13 —0.06 79 —0.53 —2.00 0.79 0.05
Boys 60 -0.97 —2.07 0.17 47 -0.27 —1.58 1.07 0.12
Girls 72 -1.26 —2.15 -0.32 32 -1.19 —-2.18 0.40 0.57

Food allergy within the first 10 years

Without disease outcome With disease outcome
n Median 1st quartile 3rd quartile n Median 1st quartile 3rd quartile p-value
All 186 —-1.07 —2.13 0.07 25 -0.25 —-1.79 0.73 0.08
Boys 92 —0.62 —1.98 0.75 16 —-0.25 —-1.79 1.07 0.42
Girls 94 -1.31 —2.18 -0.35 10 —0.03 —2.06 0.73 0.12

# p-values from Mann-Whitney U-test, for medians with first/third quartile.
Descriptive data on the children’s dietary inflammatory index (C-DIl) assessed at the age of 10 with respect to their development of atopic dermatitis or food allergy within
the first 10 years of life. Shown among all 211 children from the LiINA-cohort, as well as separately for boys and girls, p-value from Mann-Whitney-U-test.
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Pro-inflammatory diet age 10 (C-DIlI >0)

AD Crude Adjusted*

n total n C-DIl >0 OR (95% CI) p-value n total n C-DIl >0 OR (95% CI) p-value
All 211 60 1.89 1.02 3.49 0.04 201 57 2.22 1.14 4.31 0.02
Boys 107 37 1.87 0.83 4.23 0.13 102 36 2.65 1.04 6.72 0.04
Girls 104 23 1.62 0.61 4.31 0.33 99 21 2.52 0.86 7.36 0.09

Pro-inflammatory diet age 10 (C-DIlI >0)

FA Crude Adjusted*

n total n C-DIl >0 OR (95% CI) p-value n total n C-DIl >0 OR (95% CI) p-value
All 211 60 2.65 1.13 6.24 0.03 201 57 3.82 1.47 9.93 0.01
Boys 107 37 1.81 0.59 5.53 0.29 102 36 4.57 117 17.9 0.03
Girls 104 23 4.22 1.09 16.4 0.04 99 21 7.24 1.51 34.8 0.01

*Logistic regression model adjusted for sex, breastfeeding duration, parental school education, pet keeping pregnancy and body mass index age 10; 10 missing cases
on specific confounders, OR - odds ratio, Cl - confidence interval.
Logistic regression models — raw or adjusted for confounders - showing the risk for children consuming a pro-inflammatory diet at the age of 10 years (by having a C-DIl
>0) with respect to having developed atopic dermatitis (AD) or food allergy (FA) within the first 10 years of life.
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# p-values from Mann-Whitney U-test, for medians with first/third quartile (Q 1st/Q 3rd).

Atopic dermatitis within the first 10 years

Without (n = 132)
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13.7
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7.0
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210.4
116.2
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1945
748
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188.3
80.0
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%E - percentage of energy intake.
Mediian daily nutritional intake of 10-year old children with or without atopic dermatitis/food allergy within the first 10 years of life.
All Median values are printed in bold.
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Sex of the child
Male 70 46.4 37 61.7 0.02
Female 81 53.6 23 38.3
Mothers age at birth
<25 years 13 8.6 3 5.0 0.45
>25 - 30 years 48 31.8 24 40.0
>30 - 35 years 58 38.4 19 31.7
>35 32 21.2 14 23.3
Birth mode
Spontaneous 108 72.0 44 73.3 052
C. section 40 26.7 16 26.7
Others 2 1.3 0 0
Breastfeeding duration
no 10 6.8 0 0 0.047
3 month 18 12.2 9 15.8
6 month 41 27.7 19 33.3
12 months 79 53.4 28 491
Presence of older siblings
Yes 52 34.7 22 36.7 0.77
No 98 65.3 38 63.3
Parental school education®
Low 2 1.3 0 0 0.049
Medium 25 16.7 18 30
High 123 82.0 42 70
ETS exposure pregnancy
No 122 83.6 46 76.7 0.22
Yes 24 16.4 14 23.3
Pet keeping during pregnancy
No 97 65.1 31 B .7 0.06
Yes 52 34.9 29 48.3
Family history of atopy
None 47 31.1 22 36.7 0.19
One 72 47.7 31 51.7
Both 32 21.2 7 1.7
Body mass index age 10°
Under weight 17 11.4 8 13.3 0.02
Normal weight 118 772 51 85
Overweight/obese 17 1.4 1 1.7

a n may differ from 151/60 due to missing data.

b | ow = 8 years school education; medium = 10 years school education; high = at
least 12 years school education.

¢ Underweight (body mass index equivalent to 18,5 kg/m? at 18 years),
normal weight (body mass index equivalent to 18,5 —<25 kg/m? at 18 years),
overweight/obese (body mass index equivalent to >25 kg/m? at 18 years).

ETS - environmental tobacco smoke.

General characteristics of the analyzed sub-cohort with respect of having an
anti-inflammatory (C-DIl <0) or pro-inflammatory (C-DIl >0) children’s dietary
inflammatory index at the age of 10 years.
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