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low-fat or high-fat diet for 12 weeks followed by a detailed metabolic and biochemical
phenotyping of the lung, liver, and adipose tissues.

Results: We found a direct association of asthma with insulin resistance but not body
weight in humans. In mice, co-development of obesity and HDM-induced lung in-
flammation attenuated inflammation in lung and perigonadal fat, with little impact
on body weight, but small shifts in the composition of gut microbiota. Exposure to
HDM improved glucose tolerance, reduced hepatosteatosis, and increased energy ex-
penditure and basal metabolic rate. These effects associate with increased activity of
thermogenic adipose tissues independent of uncoupling protein 1.

Conclusions: Asthma associates with insulin resistance in humans, but HDM chal-
lenge results in opposing effects on glucose homeostasis in mice due to increased

energy expenditure, reduced adipose inflammation, and hepatosteatosis.

allergy, house dust mites, inflammation, insulin sensitivity, obesity
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GRAPHICAL ABSTRACT

This study investigates the epidemiological association and physiological impact of lung inflammation on obesity and glucose homeostasis.
Asthma is associated with increased insulin resistance independently of a body fat mass. HDM-induced lung inflammation increases energy
expenditure, decreases adipose tissue inflammation, and hepatosteatosis, resulting in improved glucose tolerance in high-fat diet-induced

obese mice.

Abbreviations: Cl, confidence interval, HDM, house dust mite; HFD, high-fat diet; HOMA-IR, homeostasis model assessment-estimated
insulin resistance; KORA-FF4, Cooperative Health Research in the Augsburg Region; LFD, low-fat diet; PBS, phosphate-buffered saline;

WHR, waist-to-hip ratio

1 | INTRODUCTION

Obesity is a disease of energy imbalance, in which the amount of
energy intake is greater than the energy expended.! Most obese
subjects eventually develop the metabolic syndrome, including
insulin resistance, hypertension, hyperlipidemia, and type 2 dia-
betes, causing increased burden to our health and healthcare sys-
tem.>® Obesity is a complex, multifactorial disease, dependent on
an interaction of genetic predisposition and environmental factors.*

Based on western lifestyle and increased urban living, the obesity
pandemic co-occurs with a steady rise in allergic diseases.>” Today,
approximately 30-40% of the population suffers from one or more
allergic condition and the prevalence is increasing dramatically in
developed and developing countries. Importantly, previous studies
identified the metabolic syndrome as a major risk factor for the de-
velopment of asthma.8? Hersoug and Linneberg hypothesized that
the decrease in immunological tolerance induced by obesity re-
sults in the increase of allergic diseases.'® They proposed that the
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immunological changes induced by adipokines, such as leptin and
adiponectin, and cytokines, like IL-6 and TNFa, secreted by white ad-
ipose tissue (WAT) shifts the immune system toward a Th2 cytokine
profile and reduces immunological tolerance to antigens (reviewed
in'%). Furthermore, the adipokine leptin was shown to control prolif-
eration of FOXP3* regulatory T cells'! and may therefore influence
tolerance regulation at the level of the specific immune system.

Conversely, ovalbumin sensitization in mice alleviated diet-
induced obesity and metabolic dysfunction by increasing energy
expenditure through thermogenic adipose tissue,'? which in con-
trast to white fat utilizes energy through mitochondrial uncoupling
to generate heat.!® Thus, a number of studies indicate a connection
between allergies and the metabolic syndrome. However, the nature
and consequences of this association remain unclear.

One of the major drivers of obesity is a sedentary indoor life-
style, which in addition to a chronic energy surplus results in con-
tinuous exposure to clinically relevant specific aeroallergens, such
as house dust mites (HDM).1* We investigated the epidemiological
associations between asthma and rhinitis with metrics of body mass,
fat distribution, and insulin sensitivity in 2207 adults, revealing di-
rect associations of asthma with metrics of insulin resistance but not
body weight or body fat content in this cohort of subjects averaging
60 years of age. To obtain mechanistic insights into these associa-
tions, we designed a study mimicking the simultaneous exposure to
low-fat (LFD) or high-fat diet (HFD) feeding and HDM extract using
male C57BL/6J mice. We conducted a detailed metabolic and immu-
nological characterization of key metabolic organs, gut microbiota,
and the lung to show that the prolonged exposure to HDM and HFD
does not impair body weight gain, but induces small yet significant
shifts in the composition of gut microbiota. Conversely, co-exposure
of HDM and HFD attenuated inflammation in lungs and perigonadal
WAT (pgWAT), as well as increases energy expenditure through
browning of subcutaneous WAT (scWAT) and brown adipose tissue
(BAT), resulting in an overall improvement in glucose metabolism.
Thus, humans and mice show opposing effects on glucose homeo-
stasis upon allergic lung inflammation, which could be explained by

differences in amount and activity of BAT.

2 | MATERIALS AND METHODS

2.1 | Epidemiological data analysis

The KORA study was approved by the respective ethics committee
of the Bavarian Medical Association. The investigations were carried
out in accordance with the Declaration of Helsinki. All participants
gave written informed consent.

2.1.1 | Study population

The present analysis is based on a follow-up study of the fourth sur-
vey of the population-based KORA S4 (Cooperative Health Research

in the Augsburg Region) cohort comprising 4,261 adults recruited in
1999-2001. The KORA FF4 follow-up study comprises 2,279 study
participants, examined between 2013 and 2014. The primary study
design has been described previously in more detail. 1>

2.1.2 | Exposure and outcome assessment
Different obesity and body composition measures were used as
exposure variables. Data on height, weight, waist and hip circum-
ference, and body impedance measurement were collected in a
standardized physical examination. Body weight was measured in
light clothes and without shoes to the nearest 0.1 kg and height to
the nearest 0.1 cm. Body mass index (BMI) was calculated as the
ratio of weight in kilogram to height in meter squared. Waist circum-
ference was measured at the level midway between the lower rib
margin and the iliac crest, and hip circumference was measured at
the widest point over the greater trochanters, both to the nearest
0.1 cm. Waist-to-hip ratio (WHR) was calculated as the ratio of waist
and hip circumference and categorized into normal vs. high with cut-
offs =1 for males and >0.85 for females [see eg,17]. Fat-free mass
(FFM) and body fat mass (BFM) were measured by bioelectrical im-
pedance analysis using the BIA 2000-S device (Data Input, Pécking,
Germany) with an operating frequency of 50 kHz at 0.8 mA. Ohmic
resistance was measured at the dominant hand (between wrist and
dorsum) and the dominant foot (between angle and dorsum).*® Fat-
free mass and body fat mass were then calculated by means of Kyle's
equations19 and fat-free mass index (FFMI, ratio of fat-free mass in
kg and height in meter squared) and body fat mass index (BFMI, ratio
of body fat mass in kg and height in meter squared) were derived.

Fasting glucose, fasting insulin, and hemoglobin Alc (HbA1c)
were assessed in fasting blood samples. HbAlc was measured
in whole blood using the cation-exchange high-performance lig-
uid chromatographic, photometric Variant Il Turbo HbAlc Kit-2.0
assay on a Variant Il Turbo Hemoglobin Testing System (Bio-Rad
Laboratories Inc.). Glucose levels were measured in serum using an
enzymatic colorimetric method on a Dimension Vista 1500 instru-
ment (Siemens Healthcare Diagnostics Inc.) or the GLUC3 assay
on a Cobas c702 instrument (Roche Diagnostics GmbH). Insulin
levels were measured in serum using an eletrochemiluminescence
immunoassay on a Cobas e602 instrument (Roche) or a solid-phase
enzyme-labeled chemiluminescent immunometric assay on Immulite
2000 systems analyzer (Siemens). Homeostasis model assessment
of insulin resistance (HOMA-IR) was calculated as (fasting insulin
[mU/L] x fasting glucose [mmol/L]/22.5).18:20:21

HOMA-IR was categorized into insulin sensitive (HOMA-IR <2.5)
and insulin resistant (HOMA-IR 22.5) whereas HbA1c was catego-
rized into normal (HbAlc <5.7%), prediabetes (HbAlc >5.7% and
<6.5%), and diabetes (HbAlc 26.5%).222°

Doctor-diagnosed asthma and rhinitis were defined as affirmative
answers to the question “Have you ever been diagnosed with asthma
by a physician?” and “Have you ever been diagnosed with hay fever
by a physician?” requested by the participants via questionnaire at
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the corresponding study follow-up. The participants were also asked
whether they had wheezing or whistling in the chest during the past
12 months and whether they are currently taking any asthma med-
ication. Current asthma was then defined as fulfilling at least two
out of the following three criteria: ever doctor-diagnosed asthma,
wheezing within the last 12 months, and current asthma medication.

2.1.3 | Statistical analyses

All analyses were performed using the statistical software package
R, version 4.0.3 [R Core Team. R: A Language and Environment for
Statistical Computing. Vienna, Austria; 2020. Available from: https://
www.R-project.org/]. Mean and corresponding standard deviation
(SD) or percentages and frequencies (%, n/N) were used to describe
study characteristics. Differences between groups were tested
using Pearson's chi-squared test for categorical variables and t-test
for continuous variables. Observations exceeding mean + 4 SD were
considered as outliers and excluded from further analyses. Due to
the skewed distribution, the continuous HOMA-IR variable was log-
transformed (natural logarithm).

Adjusted logistic regression models were used to analyze the
association between obesity and body composition measures with
allergic diseases. The models were adjusted for sex, age, smoking
status, education level, physical activity, alcohol consumption, and
hypertension. Smoking status was categorized as never, former, and
current smoker, education level was categorized as low (<10 years of
school), medium (10 years of school), and high (>10 years of school),
and physical activity was categorized as no activity, low activity
(irregular about 1 h/week), moderate activity (regular about 1 h/
week), and high activity (regular more than 2 h/week). Alcohol in-
take was categorized as no intake (0 g/day), low intake (>0-<40 g/
day for males and >0-<20 g/day for females), and moderate intake
(240 g/day for males and =20 g/day for females). In addition, models
with mutual adjustment of obesity and body composition measures
(BMI, BFMI, FFMI, and WHR) with HOMA-IR and HbA1c were cal-
culated. All regression models were also stratified by sex. Interaction
terms between measures of obesity with HOMA-IR and HbA1c were
tested. As none of the interaction terms reached significance, the
regression models have not been further stratified. In total, 2207
study participants were included in the current analysis with com-
plete information on allergic diseases, measures of obesity (BMI,
BFMI, FFMI, and WHR), and covariates.

2.2 | Mice

C57BL/6) male mice were obtained from Charles River (Sulzfeld,
Germany) and kept under specific pathogen-free conditions in indi-
vidually ventilated cages (IVC) at constant ambient temperature of
22 + 2°C, 45-65% humidity, a 12 h light-dark cycle, with ad libitum
access to food and water. Mice were fed either a HFD containing
58 kcal% fat, 25.5 kcal% carbohydrates, and 16.4 kcal% proteins
(D-12331, Research Diets, New Brunswick, NJ, USA) or a LFD

containing 10.5 kcal% fat, 73.1 kcal% carbohydrates, and 16.4 kcal%
proteins (D-12329, Research Diets). Neither of the diets contained a
significant amount of fiber. Mice were grouped to have equal mean
starting body weight in each group and sensitized by bilateral in-
tranasal (i.n.) instillations of 1ug of Dermatophagoides farinae extract
(HDM, Citeq Biologics, Groningen, NL) in 20ul PBS. After 7 days,
mice were challenged for 5 consecutive days and thereafter every
other week until the end of the experiment by bilateral i.n. instil-
lations of 10pg of the same HDM extract in 20ul PBS. Control ani-
mals received the same amount of PBS. Mice were sacrificed 72h
after the last i.n. instillation. Prior to sacrifice, glucose and insulin
tolerance tests were performed in week 9 and 10, respectively and
body composition was analyzed with a non-invasive magnetic reso-
nance whole body composition analyzer (EchoMRITM) in week 11.
Cumulative food and water intake, locomotor activity, respiratory
quotient and energy expenditure were measured in individually-
housed mice for 5 consecutive days in week 11 with an indirect
calorimetric system (TSE PhenoMaster). Animal experiments were
conducted under permission according to the German animal wel-
fare law, relevant guidelines and regulations of the government of
Upper Bavaria (Bavaria, Germany): ROB-55.2-2532.Vet_02-18-94
and ROB-55.2-2532 Vet_02-14-172.

2.3 | Glucose and insulin tolerance test

Mice were fasted for 4 h prior to glucose and insulin tolerance test.
Glucose (2 g/kg body weight, 20% glucose solution, B. Braun) was
injected intraperitoneally (i.p.) to the mice for glucose tolerance test
(GTT). Insulin (Actrapid, Novo Nordisk) was administered i.p. with
a dose of 0.75 IU insulin/kg body weight for the LFD group and
1.25 U insulin/kg body weight for the HFD group. Glucose levels
were measured from the blood collected from the tail before (O min),

15, 30, 60, and 120 min after injection, using a glucometer (Abbott).

2.4 | Measurement of serum immunoglobulins,
serum metabolites, and liver triglycerides

Serum total IgE was measured by ELISA as previously described.?*
Insulin concentration was analyzed using mouse ultrasensitive insu-
lin ELISA kit (CrystalChem). Liver triglyceride content was quantified

using Triglyceride Quantification Colorimetric Kit (BioVision).

2.5 | Analysis of bronchoalveolar lavage (BAL) fluid
After sacrifice, all lungs were subjected to bronchoalveolar lavage
(BAL). Total and differential BAL cell counts were calculated as previ-
ously described.?* For cytokine analysis, a mouse Th Cytokine Panel
LEGENDplex™ (BioLegend®) was used according to the manufac-
turer's instructions. Concentration of the analytes was determined
based on a known standard curve using data analysis software
LEGENDPIlex™ version v8.0 provided by the manufacturer.
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2.6 | Tissue histology

Lung, adipose tissue, and liver were fixed in 4% PFA/PBS at 4°C
overnight and embedded in paraffin. Adipose tissues and liver were
cut 2 pm thick and stained with hematoxylin and eosin. Lung sec-
tions (3-4 pm thick) were stained with periodic acid and Schiff rea-
gent (PAS). Mucus hypersecretion and inflammatory cell infiltration
were graded in a blinded fashion on a scale from 0 to 4 (0: none, 1:
mild, 2: moderate, 3: marked, and 4: severe), reflecting the degree of
the pathological alteration.?* Pictures were taken with transmitted
light imaging microscope (Axioscope 5).

2.7 | Isolation and analysis of leukocytes
from lungs

Lungs were digested in RPMI medium supplemented with 100 pg/
ml DNAse (Sigma-Aldrich) and 1 mg/ml Collagenase type 1A
(Sigma-Aldrich) at 37°C for 20 min. Digested lungs were filtered
through a 70 pm cell strainer and centrifuged at 400 G and 4°C for
5 min. Pellets were resuspended in a gradient of 40% Percoll® in
RPMI (v/v) solution and 80% Percoll® solution (GE Healthcare-Life
Sciences). Tubes were centrifuged at room temperature and 1600
G for 15 min with brake set to 0. Lymphocytes were collected
from the interphase and analyzed via fluorescence-activated cell
sorting (FACS). Single cell suspensions were primarily stained
with surface markers. Cells were stained for transcription factors
using Foxp3 Staining Buffer Set (eBiosciences) according to the
manufacturer's protocol and analyzed using BD LSRIlI Fortessa
flow cytometer (BD Bioscience) and FlowJo Software (FlowJo).
Antibodies that were used for flow cytometry purposes are listed
in Table S4, and the gating strategy employed for the analysis is
depicted in Figure S3A.

2.8 | Protein extraction and western blot

Brown adipose tissue was lysed in RIPA buffer (50 mM Tris pH 7.5,
150 mM NaCl, 1 mM EDTA, 1% Triton X-100), containing 0.1% SDS,
1% protease-inhibitor, 1% phosphatase-inhibitor cocktail I, and 1%
phosphatase-inhibitor cocktail Ill (all from Sigma). Protein concentra-
tions were measured using BCA Protein Assay Kit (Thermo Fischer
Scientific). Proteins were separated by SDS-PAGE and transferred to
a PVDF membrane (Merck Millipore). Unspecific binding sites were
blocked with 5% milk/TBS-T. Membranes were incubated with Ucpl
antibody (Abcam cat# ab10983) with dilution 1:1000. The following
day, membranes were washed with PBS and incubated with second-
ary HRP-conjugated antibody (Cell Signaling Technology cat# 7074)
with 1:5000 dilutions. a-tubulin (Santa Cruz Biotechnology, Sc-8035)
and Gapdh (6C5, Merck Millipore) were used as loading control with
dilution 1:5000. Prior to imaging, membranes were washed with
TBS-T and developed with ChemiDoc™ (Bio-Rad). Quantification of
band intensities was analyzed in Image Lab Software (Bio-Rad).

2.9 | RNA extraction and gPCR

Qiazol (Qiagen) and metal beads were added to the frozen tissues
in order to disrupt and homogenize the tissues in Tissuelyser
Il (Qiagen). Samples were then centrifuged and chloroform was
added to the lysate to create a phase separation. After another
centrifugation step, the clear lysate was collected and a vol-
ume of 70% ethanol was added to the lysate. RNA extraction
procedure then continued using a spin column according to the
protocol of RNeasy Mini Kit (Qiagen). Total RNA concentration
and purity were determined by spectrophotometer at 260 nm
(NanoDrop 2000 UV-Vis Spectrophotometer; Thermo Scientific).
RNA (500 ng) was converted to cDNA using the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems). Semi-
quantitative qPCR was performed using iTaqTM Universal SYBR®
Green Supermix (Bio-Rad) in a CFX384 Touch Real-Time PCR
Detection System (Bio-Rad) with primers listed in Table S5.
Relative mRNA expression was calculated after normalization to
TATA-binding protein (Tbp), unless indicated otherwise in the fig-

ure legend.

2.10 | Gut microbiota profiling: sampling and 16S
rRNA gene library preparation

Fecal materials were snap frozen in liquid nitrogen and stored at
-80°C until processing. DNA was extracted from each probe using
phenol-chloroform extraction?® with the following modification:
feces were pre-incubated with 750 ul NaPO, and 250 ul TNS for
30 min at 55°C. After extraction, DNA was resolved in nuclease-free
water.

Amplicon sequencing of the V1-V2 hypervariable region of the
16S rRNA gene was performed on a MiSeq lllumina (lllumina) using
the universal eubacterial primers 27f 5'-AGAGTTTGATCMTGGC-3/,
and 357r 5-CTGCTGCCTYCCGTA-3',% extended with sequenc-
ing adapters to match Illumina indexing primers. The protocol was
described in detail by Alessandrini et al.?” Briefly, sequencing PCR
(98°C for 1 min, followed by 20 cycles of 98°C for 10 s, 60°C for 30's,
72°C for 30 s, and final extension at 72°C for 5 min) was performed
in technical triplicates using 1x NebNext High Fidelity Mastermix
(New England Biolabs), 0.5 mM of each primer, and 5 ng of template
DNA (25 pl total volume). To exclude potential contamination, blank
extraction and PCR control without template DNA were processed
additionally. PCR products were visualized on 1% agarose gel.
Afterward, PCR triplicates were pooled, purified via AMPure beads
XP (Beckman Coulter), and quantified with a Fragment Analyzer
using the DNF-473 NGS Fragment Kit (Agilent). For indexing PCR
(98°C for 30 s, followed by eight cycles of 98°C for 10 s, 55°C for
30 s, 72°C for 30 s, and final extension at 72°C for 5 min), 10 ng of
template DNA, 1x NebNext High Fidelity Mastermix (New England
Biolabs), and indexing primer 1 (N7xx) and indexing primer 2 (S5xx)
were used (25 pl total volume). After purification via AMPure beads
XP, the PCR products were validated via Fragment Analyzer using
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the DNF-473 NGS Fragment Kit (Agilent, Santa Clara, CA, USA) and
pooled to a final concentration of 4 nM for the MiSeq sequencing
run, which was performed using MiSeq Reagent Kit v3 (600 Cycle)

(Illumina).

2.11 | Microbiome data acquisition and analysis
Microbiome sequencing data were processed following the
DADA2 (version 1.16.0) pipeline?® in R (version 3.6.4). Briefly, the
datawerefiltered, thatis, adapter, barcode, and primer clipped, and
the ends of sequences with high numbers of errors were trimmed.
The amplicons were denoised based on a model of the sequenc-
ing errors, and paired-end sequences were merged. Sequences
with <200 base pairs and chimeric sequences were discarded.
The resulting amplicon sequence variants (ASV) were annotated
using the AnnotlEM in-house software that compares sequence
alignment against four databases EzBioCloud,?’ NCBI,*° RDP,%!
and Silva.%? Singletons (only one read present per sample), con-
taminants (as identified by dominance in negative controls), and
eukaryotic ASVs were removed from downstream analysis for ad-
ditional quality control. The final microbiome data set comprised
of 2179974 reads (median per sample 53,461; range 32,471-
2,51,493) that were assigned to 836 ASVs (median per sample
287; range 74-422). All statistical analyses were performed using
the statistical software package R (version 4.0.3). Additionally,
MicrobiomeAnalystR package33 was used for advanced analy-
sis and data visualization. All analyses were performed on the
ASV level and read counts per sample were normalized by total
sum scaling (TSS) method as required in order to be compara-
ble. Statistical comparison between groups was performed using
non-parametric Kruskal-Wallis test; raw p-values <0.05 from
two-sided tests were considered statistically significant. Beta di-
versity was estimated by pairwise ecological distances between
samples using Bray-Curtis dissimilarities and visualized by PCoA.
Statistical significance between groups was assessed using a per-
mutational analysis of variance (PERMANOVA) test with 1000
permutations. Taxonomic distributions are shown using stacked
bar plots for which ASVs with identical taxonomy were summa-
rized into family. The 10 most frequent families were selected by
mean relative abundance over all samples, and the remaining spe-
cies were summarized as “Others.”

2.12 | Statistical analysis for mouse experiments
Data are shown as mean +/- standard error mean (SEM), if not in-
dicated otherwise. Statistical significance for multiple comparisons
was determined by One- or Two-Way ANOVA, with Tukey's multiple
comparisons test, or unpaired t-test (two-tailed P value). Correlation
graphs were analyzed with linear regression (two-tailed P value,
95% Cl). GraphPad Prism 6 was used for statistical analysis. P values
<0.05 were considered as statistically significant.

3 | RESULTS

3.1 | Asthma and rhinitis directly associate with
metrics of insulin sensitivity but not with body fat
content

To study the epidemiological association between allergic lung
inflammation and metrics of the metabolic syndrome, we used
data from the KORA FF4 follow-up study.15'16 The study popula-
tion consisted of 2207 (48.1% male) subjects. Of those, 8.6% ever
had a doctor diagnosis of asthma, 5.3% currently had asthma, and
18.6% had rhinitis (Table S1). The prevalence of asthma was higher
among females compared to males (10.0% vs. 7.2% for asthma
ever). Study participants had on average a body mass index (BMI)
of 27.7 kg/m? a body fat mass index (BFMI) of 9.3 kg/m? and
a fat-free mass index (FFMI) of 18.4 kg/m?® About 40% of the
subjects had a high waist-to-hip ratio (WHR) (21 for males and
>0.85 for females, respectively), and about 40% were classified
as insulin resistant based on a homeostasis model assessment-
estimated insulin resistance (HOMA-IR) of at least 2.5. Using
hemoglobin Alc (HbA1c) as diagnostic marker, 21.5% were pre-
diabetic (HbAlc 25.7% but <6.5%) and 5.9% diabetic (HbAlc
26.5%; Table S1). Regression models for the association between
measures of obesity, body composition, and insulin sensitivity
with allergic diseases did not show an association of BMI and
BFMI with asthma or rhinitis (Figure 1). However, we observed an
inverse association between FFMI and rhinitis (odds ratio [OR]:
0.92; 95% confidence interval [Cl]: 0.87-0.98). Interestingly, we
found a direct association of WHR with asthma. Those with a
high WHR had 1.7 times higher odds of ever having asthma com-
pared to those with normal WHR (OR: 1.66; 95%-Cl: 1.19-2.32).
Furthermore, those being classified as insulin resistant accord-
ing to a HOMA-IR of at least 2.5 also had a higher risk for ever
having a doctor diagnosis of asthma (OR: 1.45; 95%-Cl: 1.03-
2.05; Figure 1). Similar associations were observed for current
asthma. The direct association between HOMA-IR and asthma
remained statistically significant after additional adjustment for
BMI, BFMI, and FFMI (Table S2). However, if WHR and HOMA-IR
were included in the model at the same time, only WHR showed
a statistically significant association with asthma (Table S2). The
direct and significant association between WHR and HOMA-IR
with asthma also remained when additionally adjusting for HbAlc
(Table S3). Interestingly, we observed an inverse association with
rhinitis and type 2 diabetes. These data suggest that asthma but
not rhinitis, independently of body fat mass, associates with in-
creased insulin resistance. The models stratified by sex showed
comparable results between males and females regarding ef-
fect direction (Figure S1). However, a significant and direct as-
sociation between WHR and asthma could only be observed for
females (asthma ever: OR 1.97; 95%-Cl| 1.27-3.06 and current
asthma: OR 1.95; 95%-Cl| 1.11-3.43) but not for males (asthma
ever: OR 1.23; 95%-Cl 0.69-2.19 and current asthma: OR 1.87;
95%-Cl 0.95-3.69).
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FIGURE 1 Epidemiological association between asthma and rhinitis with metrics of body fat content and insulin sensitivity. Logistic
regression models were adjusted for age, sex, smoking status, education level, physical activity, alcohol consumption, and hypertension. Current
asthma is defined as fulfilling at least two out of the following three criteria: ever doctor-diagnosed asthma, wheezing within the last 12 months,
and current asthma medication. WHR is defined as normal vs. high with cut-off 21 for males and 20.85 for females. HOMA-IR is categorized into
insulin sensitive (HOMA-IR <2.5) and insulin resistant (HOMA-IR 22.5) whereas HbA1c is categorized into normal (<5.7%), prediabetes (25.7%
and <6.5%), and diabetes (26.5%). Results are presented as odds ratios (OR) with corresponding 95% confidence interval (Cl)
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3.2 | High-fat diet feeding attenuates allergic lung
inflammation in response to house dust mite allergen

To mechanistically dissect the interconnection between meta-
bolic disease and allergic lung inflammation, C57BL/6J mice were
fed either a low (LFD) or high-fat (HFD) diet for 12 weeks and
concomitantly sensitized and repeatedly challenged with HDM
(Figure 2A). Repeated HDM exposures following an initial sensi-
tization protocol maintained a mild allergic lung inflammatory re-
sponse characterized by slightly elevated tIgE levels at the end of
experiment (Figure 2B) and increased perivascular and peribron-
chiolar inflammatory cell infiltration and mucus hypersecretion
in both HDM-treated groups (Figure 2C-E). BAL cell analysis re-
vealed significantly increased total cell number in the LFD HDM
group (11,200 vs 55,873), but not in the HFD group compared to
the PBS control (22,643 vs 23,911; p = 0.9996). BAL differential
cell count revealed alveolar macrophages and lymphocytes to be
responsible for this increase. However, regardless of the diet, also

eosinophils and neutrophils were slightly increased in the HDM
groups (Figure 2F). Evaluation of BAL Th1/Th2/Th17 and pro-
inflammatory cytokines revealed a slight increase of almost all cy-
tokines following allergen challenge, regardless of diet, although
not reaching significance (Figure S2).

To further characterize the type of lung immune response in
our experimental setting, we performed FACS analysis of lung
tissue (Figure S3A). Although no changes in lung resident CD4*
and CD8" cells were found (Figure S3B), we observed a relative
increase in the percentage of GATA3" (5.7% vs 12.2%), FoxP3™"
(14.6% vs 19.9%), as well as RORyt" (4.2% vs 18.3%), and ST2*
(3.6% vs 6.6%) cells in LFD-fed HDM-exposed mice compared to
PBS controls (Figure 2G). Similar results were also observed in
HFD-fed mice, albeit the relative percentage of these cell types
following HDM challenge was significantly reduced compared
to HDM-challenged LFD-fed animals [GATA3" (12.22% vs 8.5%),
FoxP3* (19.9% vs 13.8%), RORyt" (18.3% vs 8.6%), and ST2* (6.6%
vs 5.3%)] (Figure 2G). Thus, consumption of HFD reduced the
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FIGURE 3 HDM exposure reduced
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abundance of selected immune cell populations, overall dampen-
ing HDM-induced lung allergic inflammation compared to LFD.

3.3 | Sensitization to HDM in HFD-fed mice has no
net effects on body weight and reduces inflammation
in the perigonadal white adipose tissue

LFD-fed mice gained an average of 8.1 g during the 12-week study,
with no statistical differences between HDM-exposed and con-
trol mice [7.4 + 1.1 g (control), 8.8 + 0.2 g (HDM)]. HFD-fed mice
gained more body weight (12.8 + 1 g vs 8.1 + 0.6 g) than LFD-fed

mice, which became significant after 6 weeks. We did not observe
statistically significant differences between HDM and control-
treated HFD-fed mice [13.4 + 1.3 g (control), 12.2 + 0.7 g (HDM)]
(Figure 3A). Analysis of body composition by Echo-MRI showed no
differences in lean mass between groups, but, as expected, HFD-fed
mice had significantly more fat mass than LFD-fed mice (8.4 +1.5¢g
vs 3.3 £ 0.5 g; p =0.0005; Figure 3B). HFD-fed HDM mice showed a
trend for decreased fat mass compared to PBS controls (6.9 + 1.5 g
vs 9.8 + 1.4 g; p = 0.1444), albeit this did not reach statistical sig-
nificance. Similarly, we observed a trend for reduced pgWAT mass
(Figure S4, left; p = 0.586) in HFD-fed HDM mice. Thus, repeated ex-
posure to HDM had no major impact on body weight development.

FIGURE 4 HFD-fed mice show an increase in beiging markers in scWAT and BAT upon HDM exposure. (A) Representative image of

H&E staining and (B) relative mRNA expression of Ucp1, Cidea, Prdm16, Tmem26, Ppargcla, IL-13, and IL-4 from scWAT (n = 7-8) of mice
repetitively exposed to PBS or HDM and fed with LFD or HFD. (C) Representative images of H&E staining in BAT. (D) Relative mRNA level of
Ucpl, IL-6, Vegfa, Glutl, Glut4, Gatm, and Gamt (n = 7-8), and (E) quantification of UCP1 protein level normalized to a-tubulin and Gapdh of
BAT from mice repetitively exposed to PBS or HDM and fed with LFD or HFD (n = 4). Mean + SEM; one-way ANOVA with Tukey's multiple

comparisons test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001



2491

>~
fl
-
2

KARLINA ET AL.

[o]
o 9 1 08 Heb® |
*r ° o o -
[]
©o ® = '_ [ B M oL
- 3 3 o L
- SIRIE 7 S Y] —
on_-m ° 5 ° QTLH_Q °
o o o =) <) )
8 ) & & © 2 8 8 ¥ ® & = PN
o IS o o o o o o m
[ -
<
o
e
*
£ ‘e - E
— e o T ©
g o * [0} mﬁ O
1) o O -
> >
QVHQ S
b ¥ & & £ o 3
S o S & S S o o o o o S
8 9 L 2 - S ©o o o o o S
5 :o_www_nmxw EICIEN uoissaldxe anje|ey
-
© S
*
) <
3 § 3
(@] = =
T
< S -
= © o o o o o o =1
%] o
wv
o
oo 0§
© © ¥
- e . - —|| ) °
[
8, £ oy o fis <3
S % © © =
o Q *|) 0 %M
o
: oy |
T STEF E T & o S — & d
o ¥ <~ & S S o© o RS g 8 8
o N N~ - O O o o S
) uojssaidxa sAjeleY uoissaidxa aAjejoY UOISSaIdXD DATE|ON

uoissaldxe aAne|aY



KARLINA ET AL.

A i FIGURE 5 | t of gl
Ay g Dark phase 0.8 Light phase (B)ys, e LFPBS Improvement of glucose
07 =0 —o- LF HDM tolerance and increase in energy
@O} .o T—g N § - —e- HF PBS expenditure in HFD-fed mice upon
i/ 0.6; - °§_ \:f 0.6 . x 06 -@- HF HDM HDM exposure. (A) Indirect calorimetry
% 05 e© e o o. L-'é 0.5 ° e % 0.5 performed at week 11-12. Mean energy
S 0.4 S 0.4 _0‘"; 2 0.41 os expenditure (EE) correlated to body
= 0.3 = 0.31 ° é 0.31 LS weight during dark phase (left panels) and
.,, ' ’ °© light phase (right panels) of mice fed with
2. .
“25 30 35 25 30 35 “o5 30 35 LFD (upper panels) and HFD (lower panels)
0.8; 0.8 0.8 (n = 4-8). (B) Mean basal metabolic rates
= 0.7 o =07, E? 0.7 (BMR) correlated to individual body
£ o4l .&a,ov‘ e o6l i’ 0.61 weight of mice fed with LFD (upper
o /9/0/6 o 8 __ £ —a
il o5 . i o 5! oo 2 05l P panel) and I-!FD (Iow.er panel) (n = 4-8).
S © o k) o4l .%:/i—%'/./. (C) Mean daily food intake (n = 4-8, each
c
3 0.4 S 04 e ° s data point refers to mean food intake/
=03 =03 = 0.3 °° day/mouse). (D) Representative image of
0.2 —————— 0.2 ——————— 0.2 ———— H&E staining and (E) triglyceride content
25 30 35 40 45 50 25 30 35 40 45 50 25 30 35 40 45 50 . . .
Body Weight (g) Body Weight (g) Body Weight (g) from liver samples of mice repetitively
(©) 5. ' (D) PBS HDM exposed to PBS or HDM and fed with LFD
, ; ] or HFD (n = 7-8). (F) Glucose tolerance
P, \ test after 9 weeks of diet (n = 8-16) and
. %3 2 X . (G) fasted serum insulin level collected
3 @3l
5 s ® X u after 10 weeks of diet (n = 4-16) from
[
§ 52 ' : | mice repetitively exposed to PBS or HDM
o
=9 N ! and fed with LFD or HFD diet (n = 4-16).
! Mean + SEM; one-way (Figure 5D,E,G) or
0t r : ; two-way (Figure 5F) ANOVA with Tukey's
Q)% N Q>% N . . «
<<Q P & 0‘2‘0 multiple comparisons test. *p < 0.05;
VST & K : *p < 0.01; **p < 0.001
wl
Il
(E)_ 1000- (@) 5,
2 -
‘> 800 i ~ 4 .
S . £ o
E 6001 23 e
S 400- £ 5
@ 2
5 2001 =4,
o % 1530 & 120 LT
R Q07 QO
< : injection (mi R LS
\3 Time after injection (minutes) \ﬁ( \3 Qg \2(‘

These data were confirmed by histological analysis of pgWAT, which
did not show differences in adipocyte size, fibrosis, or the formation
of crown-like structures (Figure 3C) in HDM-treated mice compared
to their respective diet controls.

A hallmark of diet-induced obesity and one of the underlying
causes for the induction of systemic insulin resistance and glu-
cose intolerance is adipose tissue, especially visceral adipose tissue
inflammation.®*

We therefore analyzed several inflammatory markers in pgWAT.
Expression of the pan macrophage marker Cdé8 was reduced by
3.3% (p = 0.0007) in HDM-treated HFD-fed mice, compared to the
PBS controls (Figure 3D), while no differences were observed in
LFD-fed mice. In line with this, we found a reduced expression of
the M1 macrophage markers IL-6, IL-18 and to a lesser extent Tnfa
(Figure 3D). Moreover, expression of the pro-inflammatory cytokine

IL-17, inducing neutrophil recruitment and tissue inflammation,® was
significantly reduced in HFD HDM mice compared to PBS controls
(Figure 3D; p = 0.0037). Thus, repetitive HDM exposure reduced
the expression of pro-inflammatory cytokines and inflammatory cell
infiltration in pgWAT, suggesting an overall positive impact on sys-
temic metabolism.

3.4 | Increased browning in subcutaneous adipose
tissue of HFD-fed HDM mice

In contrast to pgWAT, subcutaneous WAT (scWAT) is generally
not associated with obesity-induced inflammation and accumu-
lation of scWAT poorly associates with the development of the
metabolic syndrome.36 However, scWAT plays an important role
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in regulation of systemic metabolism through the development
of beige (brown-like) adipocytes, which in contrast to white fat,
but similarly to brown fat, dissipate surplus energy in form of heat
through mitochondrial uncoupling.®” Similarly to pgWAT, scWAT
mass was increased by HFD feeding, but did not differ between
HDM and PBS (Figure S4, right). Furthermore, we could not ob-
serve morphological differences using H&E staining between
groups (Figure 4A). Gene expression analysis confirmed the ex-
pected downregulation of the mitochondrial uncoupling protein
UCP1 upon HFD feeding (Figure 4B).® We also observed a trend
for reduced Ucpl expression upon HDM exposure in LFD-fed
mice, which was also observed for other beige adipocyte mark-
ers such as Cidea and Prdm16, but not Tmem26 and Ppargcla.
However, despite no difference in Ucpl expression between
groups upon HFD feeding, expression of the beige adipocyte
markers Cidea, Prdm16, and Ppargcla was significantly upregu-
lated in HDM-treated HFD-fed mice, with a trend also observed in
Tmem26 (Figure 4B). The increase of browning markers in scWAT
was associated with an increased expression of IL-13 and IL-4 in
HFD HDM mice compared to the other groups (Figure 4B).

The unexpected increase in expression of markers for thermo-
genic adipocytes led us to investigate brown adipose tissue (BAT) as
the major site for thermogenesis through mitochondrial uncoupling.
H&E staining of BAT showed increased lipid droplet size upon HFD
feeding, but no apparent difference between PBS and HDM groups
(Figure 4C). UCP1 mRNA and protein levels were not statistically
different between control and HDM groups (Figure 4D,E), albeit a
trend for reduced mRNA expression of Ucpl (LFD p = 0.7318, HFD
p = 0.1664) in HDM-exposed mice (Figure 4D). We also did not ob-
serve statistically significant differences in IL-6 (HFD p = 0.1805) or
Glut4 (HFD p = 0.7977) expression (Figure 4D). However, expression
of the vascular endothelial growth factor-a (Vegfa) (p = <0.0001)
and Glut1 (p = 0.0383) was significantly increased in HFD-fed HDM-
treated mice (Figure 4D). A similar increase was also observed for
glycine amidinotransferase [Gatm; (p = 0.0238)] and guanidinoace-
tate N-methyltransferase [Gamt; (p = 0.0139)] (Figure 4D), two key
enzymes in the creatine synthesis pathway,*” an alternative UCP1
independent pathway for thermogenesis,*° in HFD, but not in LFD-

fed HDM mice compared to their respective PBS controls.

3.5 | Increased energy expenditure and improved
glucose tolerance in HDM-exposed mice upon
HFD feeding

These findings suggested a potential increase in thermogenesis
and energy expenditure in HDM-exposed mice upon HFD feed-
ing. To test a potential role of HDM exposure in the regulation of
energy expenditure upon HFD feeding, we studied key metabolic
parameters using indirect calorimetry. HDM-exposed HFD-fed
mice showed increased energy expenditure in both the light and
dark cycle (Figure 5A), whereas this was not observed in LFD-fed
HDM mice. We did not observe differences in locomotor activity

in HDM-exposed mice compared to their diet control (Figure S5A).
However, consistent with the increased expression of markers of
thermogenesis in scWAT and BAT, we observed an increased basal
metabolic rate (BMR) (Figure 5B) in HFD-fed HDM mice. The in-
creased energy expenditure, appeared to be offset by increased en-
ergy intake, as daily food intake was significantly increased (1.9 g/
day + 0.2 vs 2.3 g/day + 0.2; p = 0.0451) in the HFD-fed HDM group
compared to the diet control (Figure 5C), resulting in no net gain
or loss of body weight and no changes in the respiratory quotient
of HDM-exposed HFD-fed mice compared to the diet controls
(Figure S5B).

Thus, prolonged HDM exposure reduced adipose tissue inflam-
mation and increased thermogenic fat activity to increase energy
expenditure upon HFD feeding, which are both associated with im-
proved glucose and insulin metabolism and reduced hepatosteato-
sis. Histology (Figure 5D) and triglyceride measurements (Figure 5E)
confirmed a reduction in hepatosteatosis in HDM-treated HFD-fed
mice, with little differences observed in LFD diet mice.

To test the impact of the observed changes in adipose tissues
and liver on glucose metabolism, we performed glucose and insulin
tolerance tests at weeks 9 and 10, respectively, of the study. HDM
exposure in LFD-fed mice had little effects on glucose and insulin
tolerance (Figure 5F, Figure S5C). However, we observed an in-
crease in fasting glycemia in HDM-exposed mice upon LFD feeding
(Figure S5C). Conversely, glucose tolerance in HDM-exposed HFD-
fed mice was improved (Figure 5F), with no differences in insulin tol-
erance (Figure S5C). Moreover, HDM exposure reduced random-fed
insulin levels, albeit with great variability between individual mice
(Figure 5G).

3.6 | HDM exposure induces small but significant
changes in gut microbiota composition upon LFD and
HFD feeding

Changes in the host metabolism can affect the structure and func-
tion of the gut microbiome and vice versa.*"*3 To this end, we ana-
lyzed gut microbial composition for HDM-treated LFD and HFD-fed
mice as well as for the respective PBS controls. As previously shown,
feeding a HFD had profound effects on the beta diversity of gut mi-
crobiota (Figure 6A). We did not observe statistically significant dif-
ferences in beta diversity or at the level of individual families when
comparing HDM to PBS mice irrespective of the diet (Figure 6A,B),
suggesting that differences in diets have a dominant effect. However,
when HDM-treated mice were compared to controls in their respec-
tive diet groups separately, we observed significant differences in
beta diversity (p = <0.001 LFD and p = <0.00201 HFD) and at the
level of individual families (Figure 6C,D). Interestingly, abundance of
the family Lactobacillaceae was reduced in LFD-fed mice upon HDM
treatment, which harbors a large number of bacteria with probiotic
properties.44 This could indicate that HDM-induced lung inflamma-
tion reduces the abundance of bacteria which promotes positive in-
teractions with the host cells, similar to HFD feeding. In contrast to
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FIGURE 6 Gut microbiota analysis of HDM-treated LFD and HFD mice. (A) Beta diversity analysis by PCoA and (B) taxonomy profiling at
the family level for all treatment and diet groups. (C) Beta diversity analysis, for LFD and HFD-fed cohorts separately. (D) Top ten families for
each diet group. Non-parametric Kruskal-Wallis test and Permanova for PCoA; *p < 0.05; **p < 0.01; and ***p < 0.001; ****p < 0.0001

Lactobacillaceae, Sutterellaceae strongly increased upon HDM expo-
sure. Sutterellaceae have been detected previously as IgA degrading
bacteria and associated with Ulcerative colitis.**

4 | DISCUSSION

The link between obesity and the metabolic syndrome is well estab-
lished, however, increasing data also suggest an association between
metabolic diseases and allergies.***” In fact, adipokines and type 2
cytokines are now identified as main driver of immunosenescence.*®

Our analysis comprises data from 2207 adults from southern
Germany and revealed no significant associations between body
and fat mass with asthma or rhinitis. Conversely, we found a very
strong direct association between WHR, which is a clinical param-
eter for body fat distribution and insulin resistance with asthma.
However, various covariates, such as the environment, lifestyle,
food choices, and the potentially long duration of disease develop-
ment and progression pose a great epidemiological and clinical chal-
lenge for studying the mechanistic interactions of these diseases.
Preclinical animal models provide a unique opportunity to control
for most of the above-mentioned confounders, allowing to study the
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mechanistic underpinnings of this association. We used prolonged
exposure to the naturally occurring allergen HDM since it possesses
higher clinical relevance compared to OVA and produces a strong
immunological response in male C57BL/6 mice,*’ which are the pri-
mary rodent model for diet-induced obesity and insulin resistance.>®
Biweekly exposure to HDM maintained the tIgE response and lung
pathology, characterized by mucus hypersecretion and infiltration of
inflammatory cells until the end of the experiment, without promot-
ing immunological tolerance, as previously suggested.51 In fact, we
observed increased GATA3*, ST2", RORyt*, in HDM allergic mice,
whereas FoxP3™" cells were increased to a lower degree.

However, parallel exposure to HFD did not exacerbate the in-
flammatory response. We show a dampened inflammatory infiltrate
in the HFD-fed HDM group compared to the LFD HDM group. This
is in contrast to a previous study observing increased allergic lung
inflammation in HFD-fed mice.”> A major difference in the experi-
mental setup, however, may explain our diverging results. Everaere
et al. applied the allergy protocol in obese and insulin-resistant mice,
while we studied the co-development of both diseases, which may
better reflect reality in most cases.’® Conversely, our study is in
line with data using an OVA/alum sensitization model, which also
showed reduced lung inflammation upon HFD feeding.53 Notably,
this study used female mice, which are protected from diet-induced
obesity and insulin resistance, suggesting that the observed reduc-
tion in lung inflammation is a direct consequence of the diet rather
excessive fat mass and insulin resistance.

Prolonged HDM exposure reduced neutrophil and Th17 cell
numbers in pgWAT and expression of macrophage markers and pro-
inflammatory cytokines as IL-6, IL-1f and IL-17a especially upon HFD
feeding. Obesity-associated adipose tissue inflammation is a key el-
ement in the initiation of local and systemic insulin resistance.>*>”

In line with a protective effect of reduced adipose inflamma-
tion on the liver and systemic glucose metabolism, we observed a
reduction in hepatic triglyceride levels and improved glucose tol-
erance in HDM-exposed HFD-fed mice. In parallel to the reduced
pgWAT inflammation, we also observed an increased basal meta-
bolic rate and energy expenditure, which correlated with increased
expression of thermogenic markers in scWAT and BAT. Expression
of Cidea, Prdm16, Tmem26, and Ppargcla, all markers for brown
and beige adipocytes, was increased in scWAT of HDM-exposed
HFD-fed mice.>®%? A potential link between HDM-induced inflam-
mation and increased thermogenic gene expression in scWAT is
via the observed increase in IL-13 and IL-4 expression. This could
activate eosinophils to secrete IL-4, which acts directly on Pdgfra®
precursor cells to increase the proliferation and differentiation of
beige/ thermogenic adipocytes.59 In addition to beige adipocytes,
BAT contributes significantly to thermogenesis and previous studies
suggested an AMPK/Ppargcla pathway to drive thermogenic gene
expression in BAT of ovalbumin-induced asthmatic mice.'? However,
we did not observe increased Ucpl mRNA or protein levels in the
HFD HDM group. Instead, we observed increased expression of key
components of the creatinine cycle, a recently identified alternative
thermogenic pathway.>° The link between these changes in BAT

and HDM-induced lung inflammation in context of HFD feeding will
require additional studies to identify key proteins mediating these
effects.

Nevertheless, our animal data are in contradiction to the epide-
miological associations observed in our study cohort that showed
a negative effect of asthma on glucose homeostasis. However, we
conclude that the positive metabolic effects of repeated HDM ex-
posure in mice are not observed in humans, as the contribution of
thermogenic fat to energy turnover is much lower in humans than in
mice. Moreover, our epidemiological data have studied adults where
asthma could have been already established and we did not specif-
ically study HDM-induced allergies but asthma in general, which
could include several different, in part seasonal allergies. Here,
doctor-diagnosed asthma was requested via questionnaire and
self-reported by the study participants. In addition, information on
symptoms and asthma medication was available but not on allergic
vs. non-allergic asthma or asthma severity. Furthermore, the study
population was on average 60 years of age and thus older than most
cohort studies focused on allergic diseases. However, the high prev-
alence of metabolic diseases in this age group and the comprehen-
sive assessment of metrics of body fat content and insulin sensitivity
enables research on the long-term interactions of asthma and meta-
bolic disease. To this end, it would be very interesting to obtain data
to correlate human BAT activity with the metabolic consequences
of HDM allergies. We provide for the first time experimental data
on the co-development of HDM-induced allergic lung inflammation
and diet-induced obesity. Unlike previous studies, our focus was on
the co-occurrence of both incidences, considering this a situation
closer to the patients' reality. Interestingly, our experimental setup,
with prolonged HDM exposure and HFD feeding in obesity-prone
mice revealed that chronic HDM-induced inflammation has benefi-
cial consequences on the inflammatory and functional status of key
metabolic organs such as adipose tissue and the liver to ameliorate
the effects of diet-induced obesity. We expect that our data will in-
form future epidemiological and clinical studies aiming to dissociate
the co-occurrence of metabolic and allergic pathologies, potentially
using changes in gut microbiota as biomarkers, and thereby improve

quality of life for a large number of patients.
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