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Abstract: Background: Alongside metabolic diseases (esp. obesity), allergic disorders are becoming
increasingly prevalent. Since both obesity and allergies are highly impacted by environmental
determinants, with this study we assessed the potential link between metabolic implications and two
distinct types of allergies. Methods: Using cross-sectional data from the German FoCus cohort, n = 385
allergy cases, either hay fever (=type I allergy, n = 183) or contact allergy (=type IV allergy, n = 202)
were compared to age- and sex-matched healthy control subjects (1:1 ratio, in total n = 770) regarding
their metabolic phenotype, diet, physical activity, sleep, gut microbial composition, and serum
metabolite profile using suitable BMI-adjusted models. Results: Obesity and metabolic alterations
were found significantly more prevalent in subjects with allergies. In fact, this relation was more
pronounced in contact allergy than hay fever. Subsequent BMI-adjusted analysis reveals particular
importance of co-occurring hyperlipidaemia for both allergy types. For contact allergy, we revealed a
strong association to the dietary intake of poly-unsaturated fatty acids, particularly «-linolenic acid,
as well as the enrichment of the corresponding metabolic pathway. For hay fever, there were no major
associations to the diet but to a lower physical activity level, shorter duration of sleep, and an altered
gut microbial composition. Finally, genetic predisposition for hyperlipidaemia was associated to
both contact allergy and hay fever. Conclusions: Reflected by higher allergy prevalence, our findings
indicate an impaired immune response in obesity and hyperlipidaemia, which is differentially
regulated in type I and type IV allergies by an unfavourable lifestyle constellation and subsequent
microbial and metabolic dysfunctions.

Keywords: allergy; obesity; hyperlipidaemia; diet and lifestyle

1. Introduction

The prevalence of allergies has been increasing in the last few decades. According to
the findings of the Study of Healthy Adults in Germany (orig. title: “Studie zur Gesundheit
Erwachsener in Deutschland”) in 2008-2011, approximately 20% of German adults had
at least one allergy, with women being more likely to be affected than men [1]. Further-
more, the World Health Organization (WHO) estimated that over 1.9 billion adults were
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overweight, with over 650 million obese [2]. Since both obesity and allergies are highly
influenced by environmental determinants, significant studies have been conducted on
both. Besides that, obesity has also been known as a major health issue not only related to
modulators of the innate but also the adaptive immune response. On that note, previous
studies have reported a link between obesity and an increased prevalence of different
allergic disorders including asthma [3], food [4], and drug allergies [5,6]. While these
previous studies have reliably reported an increased prevalence of allergies in overweight
and obese people, the causes of this association are not very well understood yet.

The aim of our study is therefore a comprehensive analysis of potential contributing
factors for the development of allergies covering various lifestyle-associated determinants,
including the diet, physical activities, sleep and smoking habits, the gut microbial composi-
tion, serum metabolite profiles, as well as selected genetic variations. In order to account
for possible distinctions between different types of allergies, we will mostly be conducting
separate analyses for differentially regulated allergy types. Here, distinction will be made
between the presence of either hay fever representative for IgE-mediated type I or contact
allergy representative for T cell-mediated type IV allergic hypersensitivities.

For this exploratory approach, we made use of the extensively characterised German
population-based FoCus cohort (1 = 1800). Information on the occurrence of allergies
were used to define a subset of n = 770 subjects equally distributed into allergy cases
(n =202 stratified by contact allergy, n = 183 stratified by hay fever) and allergy-free healthy
control subjects. Using a case-control study design which reduces the possible confounding
effects of participants’ age and biological sex, we assessed questionnaire-based health data,
obesity-associated anthropometric measures, as well as metabolic and inflammatory serum
markers. Furthermore, nutritional information collected using a valid food frequency
questionnaire (FFQ), microbial 165 rRNA sequencing data from faecal samples, untargeted
FT-ICR-MS serum metabolomics, and microarray-based data on genetic variation were
available for analysis.

2. Material and Methods
2.1. Study Design and Population

For a comprehensive assessment of allergy occurrence in relation to obesity, we made
use of the German population-based Food Chain Plus (FoCus) cohort. Data collection took
place between 2011 and 2014 including a total of 1800 adults of different ages. Extensive
anthropometric data, metabolic and inflammatory parameters measured in serum, intesti-
nal microbiome 165 rRNA sequencing data, information about dietary habits, physical
activities, sleeping duration, and smoking status, as well as genetic variation have been
collected and are available for analysis.

Complete allergy information was available for n = 1674 subjects. As a first step,
general allergy occurrence, defined by the presence of at least one allergy of any kind,
has been assessed regarding potential associations with participants” age and biological
sex. Subsequently, a case-control study design was selected to remove the possible con-
founding effects of the stated variables. Furthermore, stratification of participants was
conducted in order to account for the differing mediation of type I (IgE-mediated) and
type IV (T cell-mediated) allergies based on the most present kind of both types (hay fever
vs. contact allergy). By that, n = 183 with hay fever and n = 202 participants with contact
allergy were extracted for detailed analyses. Healthy, allergy-free control subjects were
identified by the absence of any allergy as well as inflammatory, cardiovascular, metabolic,
and pulmonary chronic diseases and matched to the nearest fitting allergy case regarding
the biological sex and age in a 1:1 ratio (see Figure 1).
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FoCus cohort
1,800 subjects

Complete allergy information
1,656 subjects (m: 626, f: 1030)

stratified by
hay fever and
contact allergy

Contact allergy cases Hay fever cases
202 subjects (m: 31, f: 171) 183 subjects (m: 85, f: 98)

Allergy subpopulation
770 subjects (m = 232, f = 538)

1:1 (age + sex) 1:1 (age + sex)

Contact allergy controls Hay fever controls
202 subjects (m: 31, f: 171) 183 subjects (m: 87, f: 96)

. J

Figure 1. Flowchart of the defined study populations. Using the cross-sectional population-based
FoCus cohort (total n = 1800), we selected subjects with complete allergy information (n = 1656)
for an overall allergy analysis. We then stratified these subjects by the presence of either contact
allergy (n = 202) or hay fever (1 = 183) and matched them to their nearest healthy allergy-free controls
(n =770). Abbreviations: m = male, f = female.

2.2. Allergy Information

Using a medical questionnaire, information on participant’s anthropometric character-
istics, lifestyle, and health status were obtained. The questionnaire consists of 58 questions
in total, including questions regarding present allergies. Participants with a contact allergy
were recognized through the question “Have you ever been diagnosed with a contact
allergy (itching “rash” at contact points caused by jewelry, perfumes, skin care products,
cosmetics, textiles, work materials, ointments, or other substances) by a doctor?”. Hay
fever was surveyed through the question “Have you ever been diagnosed with hay fever
(allergic rhinitis) by a doctor?”.

2.3. Anthropometric Measurements

Patients were weighed on digital scales in light clothing without shoes. Using a
stadiometer, height was measured. Using measuring tape, waist and hip circumferences
were measured. All physical examinations were performed in duplicates by trained medical
staff. For data analyses, mean values were formed. Body mass index (BMI) and waist-to-hip
ratio (WHR) were calculated using respective established formula.

2.4. Biochemical Analysis

Blood samples were collected by venepuncture after an overnight fast. In the central
laboratory of the University Medical Center in Kiel, clinical metabolic and inflammatory
markers were analysed from the collected blood samples, including C-reactive protein
(CRP), interleukin-6 (IL-6), fasting glucose, fasting insulin, and triglycerides. Fasting
glucose and fasting insulin were then used to calculate Homeostatic Model Assessment of
Insulin Resistance (HOMA-IR/insulin sensitivity).
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2.5. Taste Perception

Bitter and saline taste perception testing has been performed by all included subjects.
In brief, after neutralisation with water, 0.02 L of bitter solution (6-n-propylthiouracil,
273 mg/500 mL) was put in the mouth to subsequently mark the perceived taste intensity
immediately and intuitively on a general labelled magnitude scale (0-300). This procedure
was repeated for the second taste solution, containing the tasting agent sodium chloride
(NaCl, 29 g/500 mL).

2.6. Dietary Assessment

Dietary intake was assessed using a valid semi-quantitative 12-month retrospective
food frequency questionnaire (FFQ, European Investigation into Cancer and Nutrition
protocol, German Institute of Human Nutrition, Potsdam) [7]. Validation of the FFQ has
been previously described in detail by Nothlings et al. [8]. Supplementary, accuracy was
internally validated via unannounced 24 h-dietary recall in 10% of subjects.

The FFQ consists of questions regarding frequency of consumption and average
portion sizes of 134 foods. Subsequent analysis was realized using “EPICsoft” resulting
in the daily intake of micro- and macronutrients [9]. Furthermore, the FFQ also includes
information on participant’s physical activity level and duration of sleep.

2.7. Gut Microbiome Analysis

For the evaluation of gut microbiome, stool samples were collected. DNA from stool
samples was extracted using the QIAamp DNA stool mini kit automated on the QIAcube.
Analysis was done using R and RStudio. “phyloseq”, “microbiome”, and “vegan” were
among the packages used in R. To measure gut microbiome diversity, several indices were
used. Intra-individual variance («-diversity) was measured using two indices: (1) Species
Richness and (2) Shannon index. Inter-individual variance (3-diversity) was measured
using two approaches: (1) Bray—Curtis dissimilarity approach and (2) binary Jaccard
approach on presence and absence of core microbes (=amplicon sequencing variants (ASVs)
present in >40% of participants with a relative abundance of >0.5%) [10].

2.8. Serum Metabolomics Analysis

For a subset of participants (n = 404), untargeted detection data of 955 metabolites
from serum samples were available for analysis. Procedures of sample collection and pro-
cessing have recently been described in detail by Henneke et al. [11]. In brief, serum
samples were extracted by a modified SIMPLEX approach [12] of which a lipophilic
methyl-tert-butyl ether (MTBE) phase, a hydrophilic methanol-water phase, and a protein
pellet were obtained, dried under vacuum, and resuspended with specific solvents: iso-
propanol/chloroform (3/1, v/v) with 0.1% acetic acid (lipophilic); and water/methanol
(50/50, v/v) with 0.1% acetic acid (hydrophilic), both supplemented by specific internal
standard mixture. Mass spectrometry was conducted using an FI-ICR-MS in flow-injection
mode being facilitated by HPLC autosampler. The eluent was water/methanol (50/50, v/v)
with 0.1% acetic acid (hydrophilic) and isopropanol/chloroform (3/1, v/v) with 0.1% acetic
acid (lipophilic). All samples were ionized with an electrospray ionization source. Different
methods were used, each optimized to the respective detection range (in total, the range
was from 65 to 3000 m/z). Evaluation of mass features was conducted with DataAnalysis
5.0 and MetaboScape 4.0.1. (Bruker Corporation, Bremen, Germany). Sum formulas were
calculated and the seven golden rules of Kind and Fiehn [13] were applied.

Based on the results of mass spectrometry metabolite analysis, which we realised
using two-part hurdle models of binomial logistic regression and negative binomial lo-
gistic regression for the zero-inflated detection data, we performed a pathway analysis in
MetaboAnalyst 5.0 aiming to identify common pathways among selected metabolites (en-
richment) and their impact to the respective pathways (topological). Here, all metabolites
that remained significant after an FDR correction of p-values in the count part of the hurdle
model were included.
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2.9. Genetic Variation Analysis

Depending on availability of whole blood samples, participants were genotyped using
the Iscan Immunochip Opticall and the Iscan Omniexpress Exome Chip (1 = 671). Quality
control and preprocessing of genetic data have previously been described elsewhere [14].
Quality control of genetic data was done in PLINK v.1.9. A total of 19 SNPs in the low-
density lipoprotein receptor (LDL-R) gene (chr19, 11.20-11.24 Mb), 70 SNPs in the very-
low-density lipoprotein receptor (VLDL-R) gene (chr9, 26.22-26.53 Mb), 14 SNPs in the
proprotein convertase subtilisin/kexin type 9 (PCSK9) gene (chrl, 55.50-55.52 Mb), and
15 SNPs in the apolipoprotein B (apoB) gene (chr2, 21.22-21.26 Mb) passed quality control
and filtering. BMI- and hyperlipidaemia-adjusted logistic regression was used to test for
associations between genetic variations and allergy occurrence. For all analyses, the SNP
wildtype was defined as the reference group.

2.10. Statistical Evaluation

Statistical analysis and visualization were realized using R (R Core Team, 2022) and R
Studio Version 1.3.1093 (Rstudio., Inc., Boston, MA, USA) with case-control matching being
performed to the nearest match using “Matchlt” package [15].

Continuous variables were tested for normal distribution with Shapiro-Wilk test.
Normally distributed data are displayed as mean =+ standard deviation, and non-normally
distributed data as mean (interquartile range). Categorical variables are expressed as
counts and corresponding percentages. Univariate compassion of categorical variables
between two independent groups was performed using x? Test. Univariate comparison
of continuous variables between two independent groups was performed using Mann—
Whitney U Test. For allergy contribution assessment, BMI-adjusted logistic regression
models were used subsequently. In order to account for the zero-inflated character of
microbial count and metabolite detection data, we performed BMI-adjusted two-part
hurdle models for the assessment of these data in relation to allergy occurrence. The first
part uses a logistic regression comparing values = 0 with values # 0 (zero-part). The second
part uses a negative binomial logistic regression by truncating zero values hence only
including continuous values >0 (count-part). To prevent the description of false positive
results, hurdle models (>500 independent variables per dataset) were supplemented by
the correction of p-values using the FDR-method. For all analyses, statistical level was at
alpha < 0.05.

3. Results

Using comprehensive cross-sectional cohort data from our German population-based
FoCus cohort, we aim to precisely investigate the occurrence of allergies in relation to
obesity at metabolic, inflammatory, dietary, microbiome, metabolome, and genetic level.

3.1. Overall Allergy Prevalence in the FoCus Cohort

As a first analysis, we assessed the overall allergy prevalence within the n = 1656 sub-
jects who provided complete questionnaire-based allergy information.

Of these, 782 reported at least one type of allergy reflecting an overall allergy preva-
lence of 47.22% for the FoCus cohort. Comparing the age of participants with and without
allergy, it appears that allergies are associated with a younger age (see Figure 2A). Regard-
ing the biological sex, the proportion of women affected by allergy is significantly higher
than that of men (see Figure 2B).

In order to account for possible confounding effects of the above associations, we
decided to perform all the following analyses in an age- and sex-matched case-control
manner. To further account for known regulatory differences of different allergy types,
we stratified participants according to either the presence of contact allergy as the most
prevalent T cell-mediated type IV allergy or hay fever as the most prevalent IgE-mediated
type I allergy (also see Section 2.1) resulting in an extracted subpopulation of 770 subjects
equally distributed into allergy cases and healthy, allergy-free control subjects. Clinical
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characteristics, including anthropometric measures, metabolic and inflammatory serum
markers, as well as metabolic comorbidities, are provided in Table 1.

A B x=5508 p=1.16x10"
reported allergy biological sex
' p=6.48x10° .
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Figure 2. Overall allergy occurrence in relation to age and biological sex. Using questionnaire-based

information from the FoCus cohort on any reported allergy reveals a significant relation to both age

and participants’ biological sex. Allergies are associated to a younger age (A) statistical significance

tested using Mann-Whitney U Test) and are more prevalent in females (B) statistical significance

tested using x2 Test).

Table 1. Clinical characterization of the study population.

Contact Allergy Hay Fever
Cases Controls P Cases Controls P
subjects, n (%) @ 202 (50) 202 (50) 1.0 183 (50) 183 (50) 1.0
female sex, n (%) @ 171 (84.65) 171 (84.65) 1.0 83 (45.36) 96 (52.46) 0.75
age, years P 50 (44; 61) 50 (44; 61) 0.99 50 (44; 61) 50 (44; 61) 0.99
anthropometric measures
height, cm P 169 (163; 174.88) 169 (164; 175) 0.65 172.89 + 8.97 175.05 +9.27 0.04
weight, kg ® 88.08 (70.7; 118.36) 75.57 (65.95; 96.34) 1.88 x 107* 83.55 (71.83; 103.1) 80.9 (69.97; 98.45) 042
BMI, kg/mZb 31.1 (24.6; 41.58) 26.46 (22.93; 34.27) 1.76 x 10~* 28.05 (23.94; 33.72) 26.01 (23.14; 31.14) 0.07
waist-to-hip ratio 0.87(0.81; 0.92) 0.84 (0.78; 0.91) 1.03 x 1072 0.89 +£0.10 0.88 + 0.09 0.29
metabolic markers
glucose, mg/dL® 95 (89; 104) 93 (86; 101) 1.81 x 1072 96 (89; 105) 94 (88; 102) 0.14
insulin, pU/L® 10.9 (7.1; 20.5) 8.5 (6.07; 14.2) 5.38 x 104 10.3 (6.5; 20.4) 8.8 (6.4;15.8) 0.12
HOMA-IR ® 2.67 (1.53; 4.84) 1.94 (1.35; 3.31) 7.05 x 1074 2.51 (1.51; 5.03) 2.07 (1.44; 4.09) 0.07
tOt?Ill g?glfitﬁr"l' 4.74 (4.19; 5.26) 457 (4.44; 5.07) 2.67 x 1072 4.67 (4.55; 5.14) 443 +0.77 0.06
triglycerides, mmol /L b 114 (78; 154) 98 (68; 131) 459 x 1073 101 (76; 140.5) 98 (67; 151) 0.26
inflammatory markers
CRP, ng/mL? 3.45 (1.7; 7.38) 2.9 (1.5; 6.2) 0.14 2.7 (1.5;6.1) 3.5 (1.5; 7.45) 0.37
IL-6, pg/mL P 4.1(2.9;5.9) 3.5(2.6;5.1) 2.4 x 1072 3.7 (2.65;4.9) 3.5(2.6;5.3) 0.79
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Table 1. Cont.

Contact Allergy Hay Fever
Cases Controls p Cases Controls 4
metabolic comorbidities
obesity, 1 (%) @ 109 (53.96) 71 (35.15) 2.13 x 1074 69 (37.7) 55 (30.05) 0.15
type 2 diabetes, 1 (%) 2 33 (16.75) 20 (10.00) 0.07 23 (12.64) 18 (9.84) 05
hyperlipidaemia, n (%) 2 69 (35.38) 46 (23.35) 1.22 x 1072 69 (35.38) 41 (22.53) 0.06
arterial hypertension, n (%) ? 91 (47.52) 71 (35.68) 212 x 1072 68 (37.57) 58 (31.69) 0.29

A y-1414

Data was tested for normal distribution using Shapiro-Wilk test. Normally distributed data are presented as mean
=+ standard deviation, skewed data as mean (interquartile range), and categorical variables as counts (percentage).
p: @ Univariate statistical significance was evaluated using x? Test. ® Univariate statistical significance was evalu-
ated using Mann-Whitney U Test. Because of missing values, number of subjects can differ. Variable highlighted
in bold will be used as a confounder in all the following analyses. Abbreviations: HOMA-IR = homeostatic model
assessment for insulin resistance; CRP = C-reactive protein; IL-6 = interleukin 6.

3.2. Assessment of Allergy Prevalence in Obesity

We evaluated allergy prevalence in relation to obesity and associated measures. This
revealed a significant higher prevalence of allergies in obese (BMI > 30) compared to
non-obese (BMI < 30) subjects (58.55%, p = 1.67 x 1074, see Figure 3A), which is in line with
a significant higher BMI (p = 6.78 x 1075, see Figure 3B) and waist-to-hip ratio in allergy
cases (p = 1.28 x 10~2). Subsequent individual evaluation of contact allergy and hay fever
shows that obesity is in fact more prevalent in contact allergy, while this is not the case in
hay fever.

p=167x10" x’=13.72 p=213x10* X2 =2.06 p=0.15

=)

2
©

(o
o

04

Proportion

o
[N}

=3
(=)

allergy

contact allergy hay fever

control case

obesity [ ror-soese [ obose

allergy contact allergy hay fever

3

BMI [kg/m2]
]

8

p=6.78x10°

80 80

p=1.76x10* p=0.07

60 60 .

. :
i '
i

40 40

20 20

control

case control case control case

Figure 3. Allergy prevalence in relation to obesity. Case-control comparison of age- and sex-matched
subjects with and without allergies reveals significantly higher obesity proportion and BMI in allergy
cases. Subsequent individual evaluation of contact allergy and hay fever shows that obesity is actually
more prevalent in contact allergy, while this is not the case in hay fever (A) statistical significance
evaluated using x> Test). These results are in line with a significant higher BMI of contact allergy but
not hay fever subjects (B) statistical significance tested by Mann-Whitney U Test).

Because of the differing mediation of contact allergy and hay fever and the disparity
regarding obesity association, we decided to perform all further analyses separately for
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contact allergy and hay fever. Furthermore, BMI was included as an additional confounder
in all the following analyses to assess whether effects may rather be caused by obesity
than allergy.

3.3. Impact of Metabolic Alterations on Allergy Occurrence

We next evaluated the impact of metabolic alterations on the occurrence of the two
allergy types. Results of BMI-adjusted binomial logistic regression are presented in Table 2.
Here, changes in the lipid metabolism, represented by elevated serum cholesterol levels
and the presence of manifest hyperlipidaemia, contribute to an increased occurrence
of both contact allergy (hyperlipidaemia: OR = 1.62, p = 3.57 x 1072) and hay fever
(hyperlipidaemia: OR = 1.49, p = 4.15 x 10~ 2; cholesterol: OR = 1.63, p = 3.05 x 1072).
Apart from that, neither impairment of glucose metabolism, nor inflammatory activity, nor
other comorbidities had direct effects on the presence of contact allergy or hay fever.

Table 2. Impact of metabolic alterations on allergy occurrence.

Contact Allergy Hay Fever
OR (LCI; UCI) p OR (LCI; UCD) p
metabolic markers
glucose, mg/dL 1.00 (0.99; 1.00) 0.83 1.00 (0.99; 1.01) 0.46
insulin, pU/L 1.00 (0.99; 1.00) 0.39 1.01 (0.99; 1.03) 0.22
HOMA-IR 1.00 (0.99; 1.03) 0.48 1.03 (0.98; 1.09) 0.21
total cholesterol, mmol/L 1.33 (0.98; 1.82) 0.07 1.49 (1.04; 2.14) 3.05 x 102
triglycerides, mmol /L 1.00 (0.99; 1.00) 0.06 1.00 (1.00; 1.00) 0.80
inflammatory markers
CRP, ng/mL 1.00 (0.96; 1.04) 0.93 0.94 (0.88; 1.00) 0.05
IL-6, pg/mL 1.04 (0.99; 1.09) 0.17 0.95 (0.89; 1.00) 0.05
metabolic comorbidities
+ type 2 diabetes, 1 (%) 1.32(0.7; 2.48) 0.39 1.18 (0.59; 2.34) 0.64
+ hyperlipidaemia, n (%) 1.62 (1.03; 2.55) 3.57 x 1072 1.63 (1.01; 2.61) 415 x 1072
+ arterial hypertension, n (%) 1.24 (0.79; 1.24) 0.35 1.18 (0.74; 1.9) 0.49

p: Statistical significance was evaluated using BMI-adjusted binomial logistic regression. For the assessment of
metabolic comorbidities, absence and presence (+) of disease have been compared. Abbreviations: OR = odds ratio;
LCI = lower confidence interval (5%); UCI = upper confidence interval (95%); HOMA-IR = homeostatic model
assessment for insulin resistance; CRP = C-reactive protein; IL-6 = interleukin 6.

3.4. Impact of Different Lifestyle Determinants on Allergy Occurrence

In the next step, we assessed different lifestyle determinants regarding their contri-
bution to allergy occurrence comprising detailed information on dietary intake, physical
activities, duration of sleep, and smoking habits.

3.4.1. Dietary Intake in Relation to Allergy Occurrence

For the evaluation of the impact of participant’s diet and to identify potential dietary
compounds that may be associated to the occurrence of allergies, we assessed dietary
information that was collected using 12-months retrospective FFQ. Selected characteristics
of the subjects’ diet are shown in Table 3.
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Table 3. Dietary characterization of the study population.

Contact Allergy Hay Fever
Cases Controls p Cases Controls P
subjects, 1 (%) ? 202 (50) 202 (50) 1.0 183 (50) 183 (50) 1.0
taste perception
saline, 0-300 P 123 (105; 165) 123 (104.5; 171.25) 0.74 123 (99.25; 169) 123 (101.5; 165.25) 0.63
bitter, 0-300 ? 82 (42;123) 81.75 (41; 122) 0.16 81.5 (42; 114) 67 (41; 102) 0.12
overall intake
energy, k] /day P 8578 (7175; 10,330) 8164 (6821; 9552) 0.05 9076 (7227; 11,199) 9197 (7356; 11,194) 0.83
food, g/day 3607 (2979; 4394) 3395 (2776; 3995) 239 x 1073 3609 (2802; 4416) 3718 (2989; 4395) 0.57
macronutrient intake
carbohydrates, EN% > 42.64 (39.31; 47.21) 41.43 (38.75; 45.36) 291 x 1072 41.32 £ 6.96 41.16 (37.97; 45.28) 0.68
protein, EN% P 14.84 +2.01 14.52 (13.23; 15.9) 0.24 14.63 (13.02; 15.98) 14.49 +2.15 0.58
fats, EN% P 38.32(34.91; 41.44) 39.68 (36.31; 43.07) 1.41 x 1072 38.88 (36.47; 42.92) 40.16 (36.47; 42.98) 0.55
fibre, g/day ® 21.7 (18.94; 25.82) 22.15 (19.44; 25.84) 0.38 21.68 £ 5.36 21.29 (18.72; 24.63) 0.88
micronutrient intake
vitamins, g/day P 7.78 (6.36; 9.59) 7.48 (6.46;9.07) 0.32 6.62 (5.05; 8.89) 7.26 (5.23; 9.25) 0.32
minerals, g/day P 16.83 (15.5; 17.93) 16.6 (15.68; 17.54) 0.75 16.58 (15.53; 17.91) 16.7 (15.67; 17.91) 0.77

Data was tested for normal distribution using Shapiro-Wilk test. Normally distributed data are presented as mean
+ standard deviation, skewed data as man (interquartile range), and categorical variables as counts (percentage).
p: @ Univariate statistical significance was evaluated using x? Test. ® Univariate statistical significance was
evaluated using Mann-Whitney U Test.

BMI-adjusted binomial logistic regression of dietary information shows significant con-
tribution of different dietary compounds to contact allergy and hay fever risk. Analysing
four main dietary compounds (carbohydrates, fats, proteins, and fibres), contact allergies
were significantly related to a reduced intake of dietary fats (OR = 0.96, p = 2.73 x 1072). In
more detail, it becomes clear that this effect was mostly due to long-chain fatty acids (LCFA,
OR =0.96, p = 2.63 x 10~2) of poly-unsaturated nature (PUFA: OR = 0.88, p = 4.35 x 1072;
linolenic acid: OR = 0.94, p = 1.78 x 10~2) which is plausible regarding the previously iden-
tified association to alterations of the lipid metabolism. Considering mineral and vitamin
intake, iodine (OR = 6246.45, p = 5.37 x 10~3) and fluorine (OR = 2.49, p = 2.65 x 10™%)
supply were significantly increased, while vitamin E (OR = 0.93, p = 3.43 x 1072) and
niacin (OR = 0.91, p = 2.2 x 1073) supply were significantly increased in contact allergy. We
were not able to identify a contribution of any of the main nutrient classes regarding hay
fever occurrence. Still, detailed micronutrient assessment reveals low calcium (OR = 0.23,
p=3.17 x 1073) and lactose (OR = 0.96, p = 8.87 x 10~%) supply, while a high iron intake
was observed to be associated to higher hay fever rates (OR = 1.17, p = 2.28 x 1072).

3.4.2. Taste Perception in Relation to Allergy Occurrence

Due to the allergy specific symptoms of swollen mucosal membranes, mainly in the
nose and mouth, we were interested in potential associations to an impairment of taste
perception. However, neither contact allergy nor hay fever were associated with an altered
bitter or saline taste perception.

3.4.3. Physical Activity, Sleep, and Smoking Habits in Relation to Allergy Occurrence

In addition to the information on subjects’ diet, data on physical activities, duration of
sleep, and smoking habits were assessed in regard to their potential contribution to allergy
risk. Characterization of these determinants is displayed in Table 4.



Nutrients 2022, 14, 2351

10 of 19

Table 4. Physical activity, sleep, and smoking habit characterization of the study population.

Contact Allergy Hay Fever
Cases Controls p Cases Controls P
subjects, 1 (%) ® 202 (50) 202 (50) 1.0 183 (50) 183 (50) 1.0
physical activity
sports, min/week P 172.5 (39.38; 330) 210 (60; 390) 0.16 210 (90; 360) 300 (120; 465) 484 x 1073
eviiy:/az’vzsltjz‘t“ 975 (588.75; 1620) 1039 (634; 1620) 0.51 907.5 (480;1305) 990 (525; 1552.5) 0.14
watch TV, h/week P 21 (14; 28) 14 (10.5; 21.0) 416 x 1072 14 (10.5; 21) 21 (14; 28) 0.7
duration of sleep
total sleep, h/24 h © 7.25(7; 8) 7 (7; 8) 0.42 7 (7:8) 7.5(7;8.12) 2.13 x 1073
night sleep, h ® 7 (6; 8) 7 (6; 8) 0.54 7 (6;8) 7(7;8) 8.13 x 1073
day sleep, h b 0(0;1) 0(0; 0.5) 1.89 x 1072 0(0; 0.5) 0(0; 0.5) 0.53
smoking habit
+ smoker, 11 (%) 2 34 (17.71) 41 (21.13) 0.47 32 (17.78) 29 (16.11) 0.78

Data was tested for normal distribution using Shapiro-Wilk test. Normally distributed data are presented as mean
+ standard deviation, skewed data as mean (interquartile range), and categorical variables as counts (percentage).
p: @ Univariate statistical significance was evaluated using x? Test. ® Univariate statistical significance was
evaluated using Mann-Whitney U Test.

BMI-adjusted logistic regression reveals protective properties of vigorous physical
activity (OR = 0.94, p = 6.76 x 102) against the development of hay fever. Further
assessment reveals that this effect is specifically associated to outdoor cycling activity
(OR = 0.86, p = 1.29 x 10~3). A sufficient duration of sleep is also associated to reduced hay
fever occurrence (OR = 0.75, p =2.32 X 1079).

Of interest, we were not able to identify any effect for the tested variables with contact
allergy occurrence.

3.5. Impact of the Gut Microbial Composition on Allergy Occurrence

Since obesity and an associated lifestyle are known to be strongly linked to the com-
position of the gut microbiome, we next investigated the potential role of the intestinal
microbiota in the development of allergic diseases. For this purpose, 16 S rRNA sequencing
data of the gut microbiome was used to assess the composition of a core microbiome, a
variety of indices of microbial diversity, and potential candidate microbial strains.

First, we extracted core microbes by selecting amplicon sequence variants (ASVs) that
were present in at least 40% of subjects with a relative abundance of >0.5%. By that, we
identified 47 core microbial strains (=amplicon sequencing variants (ASVs) present in >40%
of participants with a relative abundance of >0.5%) for the contact allergy and 50 for the
hay fever subpopulation. Using BMI-adjusted logistic regression of relative abundances on
phylum level, we did not reveal any major differences in neither contact allergy nor hay
fever compared to their respective control subjects (see Figure 4A).
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Figure 4. Relation of the gut microbial composition in relation to the occurrence of contact allergy
and hay fever. We assessed the composition of a core microbiome and a variety of indices of microbial
diversity. Composition of the core microbiome on phylum levels proposes no major differences
between the two types of allergies and their respective controls (A). When further assessing inter-
individual differences, hay fever displayed significant microbial variance using both Bray—Curtis and
Jaccard indices (B). Regarding intra-individual variance, there were no distinct differences (C). All

displayed p-values refer to BMI-adjusted calculations.

For the evaluation of microbial diversity, we assessed both inter- and intra-individual
variance using appropriate indices. As displayed in Figure 4B, inter-individual variance,
also referred to as 3-diversity, did not differ between contact allergy cases and controls
using PERMANOVA based on the Bray—Curtis dissimilarities index (p = 0.49) or on the
Jaccard presence/absence index of core microbes (p = 0.55). In contrast, hay fever reveals
significant differences of both Bray—Curtis (p = 0.005) and Jaccard (p = 0.003) index.

Regarding intra-individual microbial variation, also known as x-diversity, no differ-
ences were found between cases and controls assessing the species richness or Shannon
index (see Figure 4C).

We additionally performed BMI-adjusted hurdle models of microbial counts not
restricted to core microbes (16,385 ASVs, FDR-corrected) in order to identify potential
single microbial candidates. By that, we identified 411 ASVs that contributed and were
altered in contact allergy, of which 282 ASVs were taxonomically classified up to genus
level. For hay fever, we were able to identify a total of 393 significant ASVs, of which
242 ASVs were taxonomically classified up to genus level. Of note, significant associations
were exclusively seen in the zero-truncated negative binomial regression (count) part of the
hurdle model.
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The strongest contributors, both decreased (five lowest estimates) and increased
(five highest estimates) in allergies, are displayed in Figure 5. We identified ASVs of
the genera Butyricimonas, Faecalibacterium, Fusicatenibacter, Coprobacter, and Bacteroides
reduced in contact allergy. By contrast, ASVs of the genera Escherichia/Shigella, Bacteroides,
Ruminococcus, Acinetobacter, and Collinsella were increased in contact allergy. Dialister,
Bacteroides, Faecalibacterium, Anaerotruncus, and Olsenella were reduced in hay fever, while
ASVs of the genera Clostridium cluster XIVb, Alloprevotella, Oscillibacter, Bacteroides, Prevotella,
and Proteus were more abundant in hay fever.

Al contact allergy | | hay fever |
Butyricimonas —_— -13(-167,-092) p=6.69x101 Dialister — 489(544,435)  p=375x10¢7
Faecalibacterium — 064(094,-033) p=847x10* Bacteroides —- 477(531,422) p=164x10%
Fusicatenibacter —=—  04(08602) p=155x103 Faecalibacterium — 392(467,-318)  p=423x10%
Coprobacter —®  034(05;018) p=507x10* Anaerotruncus —=— -114(-179,-05) p=782x103
Bacteroides * 0.71(038,03) p=14x10% Olsenella = 07(085055)  p=14x10V

I s s s e |
A5 4 05 0 55 -45 -35 25 -1.5 -0.50
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Escherichia/Shigella ——  375(293451) p=6.69x101° Alloprevotella —— 593(503,683) p=110x10%
Bacteroides —_— 237(094;38) p=847x10* Oscillibacter — 411(307;5.15) p=562x101
Ruminococcus — 231(1.57;306) p=4.15x108 Bacteroides 393(351;434) p=291x10%3
Acinetobacter — 188(097,2.79) p=995x10* Prevotella 1.85(150;2.21) p=844x1038
Collinsella —a— 181(122;24) p=483x10° Proteus e 184(123;245)  p=131x10%
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Figure 5. Impact of selected candidate bacteria on the occurrence of contact allergy and hay fever.
Using a BMI-adjusted two-part hurdle model, we assessed a total of 16,385 ASVs in relation to allergy
occurrence. Significant associations were exclusively seen in the zero-truncated negative binomial
regression part of the hurdle model. We found a total of 282 taxonomically well characterized ASVs
significantly contributing to contact allergy, of which 71 were reduced (estimate < 0) (5 highest esti-
mates, (A), and 211 which were increased in contact allergy (estimate > 0) (5 highest estimates, (B). For
hay fever, we identified a total of 242 well characterized ASVs, of which 65 were reduced (5 highest
estimates, (A) and 177 which were increased in hay fever (2-6 highest estimates, (B). Notably, the
most altered ASV of the genus Clostridium cluster XIVb in hay fever is not displayed due to a very
high estimate of 29.49 (15.43; 35.55, p = 2.02 x 107).
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3.6. Impact of Serum Metabolites on Allergy Occurrence

FT-ICR-MS metabolomics data were available for 403 subjects (118 with contact allergy,
106 with hay fever, and 224 control subjects) of the study population. Using BMI-adjusted
two-part hurdle models, we assessed a total of 955 detected metabolites. As for the
microbiome analysis, significant associations were only seen in the zero-truncated negative
binomial regression (count) part of the hurdle model. Here, 118 metabolites were nominally
associated with the presence of contact allergy, of which 23 remained significant after FDR-
adjustment for multiple comparisons. A total of 124 metabolites were nominally associated
with the presence of hay fever, of which 35 remained significant after FDR-adjustment for
multiple comparisons.

A subsequent pathway analysis (enrichment and topological) of the significant metabo-
lites resulted in three nominally significant enriched pathways for contact allergies and one
pathway for hay fever that are displayed in Table 5.

Table 5. Metabolic pathways associated to contact allergy and hay fever.

Contact Allergy Hay Fever
Pathway Metabolites Impact 4 Pathway Metabolites Impact 4
- Phosphatidylethanolamine - Phos-

Glycerophogphollpld - Phosphatidylcholine 0.22 219 x 10-3 Glycerophosphohpm phatidylethanolamine 02 0.06

metabolism - 1-Acyl-sn-glycero-3- metabolism . -
. - Phosphatidylcholine
phosphocholine
«-Linolenic acid - OPC6-CoA 3 o-Linolenic acid . .
metabolism - Phosphatidylcholine 0.33 40910 metabolism - Phosphatidylcholine 0 0.13
Phenylalanine, Phenylalanine,

tyrosine and - L-Phenylalanine 0.5 3.06 x 1072 tyrosine and - L-Phenylalanine 0.5 4.06 x 1072
tryptophan tryptophan
biosynthesis biosynthesis

Metabolic pathways were identified using MetaboAnalyst 5.0. Enrichment method was set at hypergeometric test
(p values) and topology analysis at relative-betweenness centrality (impact). Analysis was carried out within the
KEGG pathway library.

3.7. Impact of Genetic Predisposition on Allergy Occurrence

Finally, since we identified direct effects of alterations in the lipid metabolism on
the prevalence of both allergy types, we assessed selected hyperlipidaemia-associated
variations of the LDL-R, VLDL-R, apoB, and PCSK9 gene in relation to allergy occurrence
using BMI- and hyperlipidaemia-adjusted binomial logistic regression. Out of the 118 tested
SNPs, 9 were directly associated to an increased prevalence of contact allergy. In detail,
eight of these originated from the VLDL-R and one from the PCSK9 gene (see Figure 6A).
Regarding hay fever, two SNPs of the LDL-R and one SNP of the LDL-R showed a direct
association to allergy occurrence (see Figure 6B). For all analyses, the wildtype was set as
the reference group.
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Figure 6. Impact of selected hyperlipidaemia-associated single nucleotide polymorphisms (SNPs) on
the development of contact allergy and hay fever. We assessed selected hyperlipidaemia-associated
genetic variations in relation to allergy occurrence using BMI- and hyperlipidaemia-adjusted binomial
logistic regression (odds ratios + confidence intervals, p-values, and significance levels (*: p < 0.05)
are displayed corresponding to each analysis). Out of the 118 tested SNPs originating from either
the PCSK9 (n = 14), LDL-R (n = 19), VLDL-R (n = 70), or apoB (n = 15) gene, 9 SNPs were directly
associated to an increased prevalence of contact allergies. In detail, eight of the identified SNPs were
variations in the VLDL-R and one in the PCSK9 gene (A). Regarding hay fever, two SNPs of the LDL-R
and one SNP of the LDL-R showed a direct association to allergy occurrence (B). For all analyses, the
wildtype was set as reference group.

4. Discussion

The prevalence of allergies has, similar to that of metabolic diseases, rapidly increased
during the past few decades [1]. Moreover, both allergies and obesity are strongly in-
fluenced by lifestyle determinants, especially the diet. These parallels propose a relation
between these two diseases, which in fact has been proven in previous studies on asthma [3],
food [4], and drug [5,6] allergies. However, despite the evidence, causes of this association
are not very well understood yet. With our study, we aim to expand current knowledge
about the regulation of allergies in the context of metabolic comorbidities, especially obesity.
We used data from the German population-based FoCus cohort enabling us to identify
distinctions between allergy-affected and non-affected participants on metabolic, inflam-
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matory, lifestyle, microbiome, metabolome, and genetic level. Further information on the
present allergy type also ensured the differentiation between IgE-mediated type I and T
cell-mediated type IV allergies. We identified a positive relation between the presence of
allergies, obesity, and hyperlipidaemia different in type I and type IV allergies.

With our data, we can display a co-occurrence of allergies and obesity as well as a
positive association with related anthropometric and metabolic measures. This relation
is more pronounced in contact allergies than in hay fever, supporting already known
differing regulatory mechanisms. The strong association of BMI and contact allergies is
in line with the results of Lusi et al., who found an increased prevalence of nickel allergy
in overweight participants [16]. An Italian case-control study including 1128 participants
also reported an increased BMI and further identified alterations in the glucose metabolism
and inflammatory activity in nickel allergy participants [2]. These alterations are also
present in our study population; however, considering participants’ BMI as a confounding
factor proposes that these are rather associated to the presence of obesity than directly
to the contact allergy. Additionally, Watanabe et al. were also able to display significant
alterations in the body composition of increased fat and decreased lean mass with the
presence of nickel allergy [17], which is complementing the significant higher waist-to-hip
ratio as a marker of body composition, particularly body fat distribution within our study.
These findings might propose immunological properties of the adipose tissue in the relation
of contact allergies and obesity. However, for a precise conclusion on this relation, further
studies are needed.

Above that, we were able to identify a direct contribution of alterations in the lipid
metabolism to both the risk for contact allergy and hay fever. This is of interest since
previous studies have not yet allowed for a clear valuation of this association mostly due
to the lacking assessment of potential influencing factors [18]. Consistent with a higher
proportion of hyperlipidaemia in contact allergy in comparison to the respective control
group, we found a significant association with the participants’ dietary fat intake. While a
Korean study with 3040 participants reported an association of allergic rhinitis with a high-
fat and low-carbohydrate diet proposing a positive association of dietary fat intake and
allergy occurrence overall [19], another study by Trak-Fellermeier et al. revealed allergic
sensitization in females with imbalanced fat intake in particular [20]. On micronutrient
level, an investigation of dietary a-linolenic acid-rich linseed oil showed dampening effects
of allergic symptoms by 15-hydroxyeicosapentaenoic acid, a metabolite of eicosapentaenoic
acid (EPA), which was eosinophile-dependently produced in a mouse study [21]. Another
study by Kunisava et al. identified 17,18-epoxyeicosatetraenoic acid, another metabolite
of EPA, as an anti-allergic lipid metabolite in the same mouse model [22]. These findings
postulate the generation of lipid anti-allergic metabolic mediators out of dietary omega-3
fatty acids for the counteraction of allergic reactions. This is of particular interest since
we did not only find poly-unsaturated fatty acids and specifically «-linolenic acid on the
dietary, but also «-linolenic und glycerophospholipid metabolism on the metabolome level
associated to contact allergy occurrence. Hence, with our data we can clearly underline the
important role of a favourable, omega-PUFA-rich dietary fat constitution and involvement
of lipid metabolites for the prevention or improvement of contact allergies.

Even though hay fever is equally associated to the presence of hyperlipidaemia and
cholesterol serum levels, we were not able to identify major differences in the dietary
composition on macronutrient level proposing other regulatory factors. On that note, hay
fever was negatively associated to the duration of sleep which is consistent with results
from a US-based cross-sectional study that has also reported an association between hay
fever and sleep parameters, such as insomnia and sleep apnoea [23]. However, to the best of
our knowledge, there is no further evidence on this relation yet. Hay fever was associated
to lower weekly rates of sports activity compared to their respective controls. There has
been previous research that revealed that elite athletes had an increased risk for asthma
and allergy [24]. An explanation for this was given by their frequent exposure to pollen
allergens during exercise in spring, summer, and winter, which might have led to bronchial
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hyper-responsiveness [25]. Granted that the protective properties observed within our
study was not constituted of athletes, there might be a dose- and intensity-dependent
relation between sports and allergy risk possibly further affected by the performance of
either indoor or outdoor activities. Nevertheless, a short duration of sleep and the lack
of physical activity are strongly associated to multiple unfavourable health outcomes
and specifically conveyed by alterations of the lipid metabolism [26,27]. Regarding the
differences between contact allergy and hay fever, our findings indicate that they both are
mediated by the impairments of the lipid metabolism but might be regulated by different
lifestyle determinants of either dietary fat, physical inactivity, or an insufficient amount
of sleep.

Apart from the regulation by lifestyle determinants, alterations in the lipid metabolism
can also be caused by a genetic predisposition. Here, variations in the PCSK9, apoB, LDL-
R, and VLDL-R gene are possible reasons for dysregulated blood lipids. Of interest, we
were able to identify mild associations between hyperlipidaemia-associated genetic single
nucleotide polymorphisms (SNPs) of the stated genetic loci to both contact allergies and
hay fever. While contact allergy showed impairment in the PCSK9 and VLDL-R SNPs, hay
fever displayed alterations in the LDL-R and VLDL-R receptor considering both the BMI
and the presence of hyperlipidaemia as confounding factors. These findings indicate that
aside from the lifestyle, genetic predisposition of metabolic implications might shape the
risk of allergies in obesity and hyperlipidaemia.

The gut microbiome also plays a key role in the development of chronic conditions
for numerous reasons. As a result, one explanatory approach for the increasing allergy
prevalence is centred around the gut microbial changes caused by the rapid changes in diet
and general lifestyle patterns over the last century [28]. For a functioning immune system,
a sensitive balance between commensal and pathogenic microbial strains is mandatory.
However, not only the microbiome as a whole, but also the increased occurrence of indi-
vidual microbial strains can unbalance the immune function or even cause infection [29].
To assess if this holds true in our study, we performed broad microbial analysis. By that,
we were able to identify differences in the inter-individual microbial variance as well as a
clear trend towards impaired microbial intra-individual diversity between hay fever and
their respective control subjects. This finding is in line with the results of Watts et al., who
presented altered microbial composition reflected in reduced diversity and a shift in mi-
crobes on phylum, genus, and species level [30]. Notably, a high microbial diversity majorly
contributes to a sufficient defense against exogenous pathogens [31]. We were not able to
identify major differences in the microbial composition of contact allergies. Still, alterations
were present in the abundance of single microbial strains that may contribute to contact
allergy risk. Of note, several butyrate-producing genera (Butyricimonas, Faecalibacterium,
Fusicatenibacter, Dialister, Anaerotruncus) were reduced in allergic individuals. Butyrate has
been associated with the induction of regulatory T cells which may counteract allergic Th2
induction [32]. Above the diverse immune-regulatory properties of the microbiota, the
intestinal system also represents an important barrier against environmental, and especially
dietary pathogens. Obesity and an excessive dietary fat intake in particular can impact this
barrier function and by that directly contribute to an imbalanced immune response by the
initiation of local and systemic inflammation [33]. On that note, there is reliable evidence
on increased gut permeability in subjects with allergic diseases [34,35] which might also
be the case in contact allergy within our study and could be an explanation for the strong
effects seen related to the obese phenotype and dietary pattern.

Limitations

With our study, we can only shed light on the associations seen with the co-occurrence
of contact allergy and obesity but are not able to conclude on the exact causality of this
(1) because we do not have information on the order of disease onset and (2) further
information especially regarding the immune function, e.g., cytokine profiles, would be
necessary for a precise biochemical interpretation.
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5. Conclusions

Our data clearly indicate the co-occurrence of allergies, obesity, and hyperlipidaemia
differentially mediated depending on the type of present allergy (see Figure 7). While
contact allergies are strongly linked to obesity coupled to the presence of hyperlipidaemia,
an imbalance in dietary fat intake, and lipid metabolic pathways, hay fever is stronger
associated with alterations of the lipid metabolism than obesity which is predominantly
mediated by reduced levels of physical activity, decreased duration of sleep, and altered
gut microbial composition. Taken together, our results support the complex effects of
exogenous lifestyle determinants and subsequent metabolic implication on the adapted
immune response resulting in higher rates of both IgE and T cell mediated allergies. For the
effective counteraction of both these metabolic and immunological disorders, their complex
interaction should be the subject of further studies, especially on a functional level.
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Figure 7. Differential effects of obesity, hyperlipidaemia, dietary intake, and physical inactivity on
type I versus type IV allergies. Our data clearly indicate the co-occurrence of allergies, obesity, and
hyperlipidaemia differentially mediated depending on the type of present allergy. While contact
allergies are strongly associated to obesity coupled to the presence of hyperlipidaemia, an imbalance
in dietary fat intake, and lipid metabolic pathways, hay fever is stronger associated to alterations
of the lipid metabolism than obesity which is predominantly mediated by reduced levels of phys-
ical activity, decreased duration of sleep, and altered gut microbial composition. Abbreviations:
I =iodine; F = fluorine; PUFAs = poly-unsaturated fatty acids; Vit = vitamin; Fe = iron; Ca = calcium;
PCSKO9 = proprotein convertase subtilisin/kexin type 9; VLDL-R = very low-density lipoprotein
receptor; LDL-R = low-density lipoprotein receptor.
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