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Abstract

Background: Clinical and epidemiological studies show a close association
between obesity and the risk of asthma development. The underlying cause—effect
relationship between metabolism, innate and adaptive immunity, and inflamma-
tion remains to be elucidated.

Methods: We developed an animal model to study the interaction between meta-
bolic abnormalities and experimentally induced asthma. Obesity-susceptible AKR
mice were fed with high-fat diet (HFD) or normal low-fat diet (LFD) and sub-
jected to a protocol of ovalbumin (OVA) sensitization and airway allergen chal-
lenges followed by assessment of inflammation and lung function.

Results: AKR mice developed obesity and a prestage of metabolic syndrome fol-
lowing HFD. This phenotype was associated with an increase in proinflammatory
macrophages (CD11b+/CD1l1c+) together with higher serum levels of interleukin
6. Obese mice showed increased susceptibility to allergic sensitization as com-
pared to LFD animals. Anti-ovalbumin IgE antibody titers correlated positively
and anti-OVA IgG2a antibodies titers correlated negatively with body weight.
Airway eosinophilia showed a positive correlation with body weight, whereas
mucus production did not change with obesity.

Conclusions: This obesity model demonstrates that HFD-induced obesity lowers
the sensitization threshold in a model of asthma. This finding helps to understand
why, particularly during childhood, obesity is a risk factor for the development
of allergic asthma.

Obesity as a state of excessive abdominal body fat (1,2) is a
risk factor for allergic asthma (3). Both, asthma and obesity
are chronic diseases with a high and continuously increasing
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impact on the worldwide disease burden (1). Obesity is asso-
ciated with a higher prevalence of asthma (4-8), as well as an
increasing incidence, and worsening of the clinical outcome
(9-12). Different pathomechanisms have been discussed how
obesity might influence chronic inflammatory disease (13,14).
Obesity causes a low-grade systemic inflammatory response
(15), characterized by the presence of pro-inflammatory
(CD11c+) macrophages in the fat tissue (16) together with
elevated serum levels of IL-6 (17-19). Furthermore, saturated
fatty acids from the diet might directly activate toll-like
receptor (TLR)-2 (20) and TLR-4 (21) signaling pathways
and thereby trigger activation of innate immune responses,
subsequently supporting a chronic inflammatory state (22).
Animal studies addressing the effect of obesity on the
immunological phenotype of experimentally induced asthma
showed discrepant results (23). After ozone-induced asthma,
obese animals had aggravated lung inflammation and
injury compared with lean animals (24-28). In ovalbumin
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(OVA)-induced asthma, one study could not find worsening
of the asthma phenotype under obesity (29), but other studies
found higher numbers of lung infiltrating eosinophils or
higher numbers of leukocytes in the broncho-alveolar lavage
(BAL) of obese animals (30,31).

A prerequisite of allergic airway inflammation is the
development of an allergen-specific immune response with
IgE antibodies (32), referred to as allergic sensitization (33).
Higher allergen-specific IgE levels are associated with more
severe asthma across a range of clinical and biologic mark-
ers and may be indicative of both higher exposure and a
greater degree of sensitization, which in turn may result in
increased asthma severity (34). However, most of the experi-
mental studies of obesity and asthma have so far concen-
trated on the phenotype of asthma exacerbation. It
therefore remains unclear whether obesity affects the initia-
tion of allergic immune response during sensitization or the
elicitation of the clinical phenotype, or both. Therefore, the
aim of this study was to develop an animal model that
allows to investigate the impact of obesity and concomitant
metabolic changes on the sensitization during experimental
asthma.

Material and methods
Animal care and metabolic assessment

Female inbred AKR/OlaHsd (Harlan Winkelmann, Borchen,
Germany) mice were housed in a specific pathogen-free facil-
ity with a 12-h light/12-h dark cycle and given free access to
food and water. All experiments were preformed in accor-
dance with German and international guidelines and were
approved by local authorities (Regierungsprisidium, Giessen,
Germany). From the age of 4 weeks till the end of the 62-
day observation period, mice were fed a high-fat diet (HFD)
with 40% kcal from fat (32% kcal lard and 8% kcal corn
oil). Control mice received a low-fat diet (LFD) with only
11% kcal from fat (both diets from Altromin, Lage, Ger-
many). Total body weight and food intake were measured
twice a week. After 62 days of LFD/HFD, the body mass
index (BMI) of the mice was calculated by dividing the body
weight (g) by the square of the body length (mm), measured
from the tip of the nose to the tail base (35).

Clinical chemistry

Serum cholesterol was measured every 2 weeks after 1 h of
fasting (Synchron-Systeme; Beckman Coulter, Krefeld, Ger-
many). Fasting triglyceride serum levels (Synchron-Systeme;
Beckman Coulter) and postprandial as well as fasting glucose
blood levels (Accu-Chek Sensor; Roche, Mannheim, Ger-
many) were measured after 62 days of LFD/HFD according
to the manufactures instructions.

Gas chromatography and a flame ionization detector were
used to determine the FA composition of diets, erythrocyte
membranes, and fat tissue. Erythrocyte membranes were iso-
lated from 500 pul blood taken by an axillary incision,
500 mg of white adipose tissue was dissected from the
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inguinal fat depot, and 500 mg of the diets was taken to pre-
pare and analyze all samples as previously described (36).

Induction of experimental asthma

After 34 days LFD/HFD, animals of both diet groups were
randomized to three different protocols to induce experimen-
tal asthma (Fig. 1f). For protocol OVA 30 pg, mice received
three subcutaneous injections of 10 ug OVA (grade VI;
Sigma, St Louis, MO, USA) in 200 pl of PBS, respectively,
injections of PBS only as a control, at days 34, 41 and 48.
For protocol OVA 20 pg, mice received two injections of
OVA at day 34 and 41 and for protocol OVA 10 pg only
one at day 34. This was followed by 20 min 1% OVA (grade
V; Sigma) or PBS aerosol treatments at day 59, 60 and 61, as
previously described (37).

Airway reactivity and total lung capacity

Twenty-four hour after the last challenge airway reactivity
and total lung capacity were assessed by using a small-animal
mechanical ventilator (flexiVent; SCIREQ, Montreal, PQ,
Canada) as described previously (38). Airway resistance (Rn)
was measured with the Snap Shot 150 perturbation protocol
(SCIREQ) in response to progressively increasing concentra-
tions of methacholine (Sigma) in PBS (0-20 mg/ml). Total
lung capacity was estimated from the DynPV-P perturbation
protocol (SCIREQ); (38).

Broncho-alveolar lavage and lung tissue collection

Broncho-alveolar lavage was performed using 1 ml of PBS
containing 1x protease inhibitor cocktail (Roche); (39). After
BAL, the lungs were inflated with 1 ml of 6% paraformalde-
hyde (Merck, Darmstadt, Germany) and fixed over night.
Lung tissues were embedded into 2% agarose and dissected
into 6 mm slices according to the systematic randomized uni-
form sampling (40). Three-micrometer sections were taken
from paraffin-embedded sections and stained with haemat-
oxylin—eosin (HE) or periodic acid Schiff (PAS).

Quantification of tissue eosinophils and goblet cells

Eosinophils and goblet cells were identified by HE and PAS
staining, respectively, and examined under the light micro-
scope at x40 magnification. To estimate the eosinophilic and
PAS-positive cell number, a systematic sampling was carried
out with the computer-assisted stereological toolbox (CAST;
Olympus, Hamburg, Germany). Fifty percent of each lung
section was assessed, and eosinophilic cell numbers per
square millimeter lung tissue or goblet cells per um basal
membrane were appraised (41).

Measurements of anti-OVA immunoglobulins, IL-6, IL-5 and
IFN-y

Anti-OVA IgE, IgGl, and IgG2a were measured in the
serum by an enzyme-linked immunosorbent assay (ELISA;

© 2012 John Wiley & Sons A/S
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Figure 1 Metabolic assessment of the mice after 62 days of
low-fat or high-fat diet feeding. (A), Body mass index (n = 19). (B),
MRI images of the visceral fat tissue (arrow). (C), Weight of ingui-
nal fat tissue (n = 21). (D), Saturated fatty acids (SFA) of different
length (C12-C16, C17-C23) were quantified by gas chromatogra-
phy-mass spectrometry as percentage of total fatty acids (n = 3).
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(E), Concentration of serum fasting cholesterol, fasting triglycerides
and fasting (f.) or postprandial (p.p.) blood glucose (n = 7). (F), Pro-
tocol to experimentally induce asthma by subcutaneous injections
[ovalbumin (OVA) 10-30 pgl of and challenge with Ovalbumin
(OVA) under HFD or LFD feeding. *P < 0.05, **P < 0.01,
*xxp < 0.001
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BD PharMingen, San Jose, CA, USA) as described previ-
ously (42). The detection limits were 10 pg/ml.

Serum IL-6 and BAL IL-5 and IFN-y were measured with
ELISA kits (OptEIATM; BD PharMingen) according to man-
ufactures instructions, the detection limits were 5 pg/ml.

Flow cytometry

Peritoneal macrophages were isolated by lavage with 5 ml of
1x protease inhibitor cocktail in PBS (Roche). Cells from
the peritoneal lavage were taken into 1 ml 1% BSA/PBS and
stained for F4/80, CD11b and CDI11c as described elsewhere
(18) Stained cells were suspended in 250 pl of FC fixation
buffer (Cell Fix; BD PharMingen). Appropriate controls with
irrelevant isotype immunoglobulins were carried out to
ensure the specificity of the labeling. Fluorescence compensa-
tion was done as previously described for lung macrophages
in our laboratory (43, 44). Small cells or cell debris was
excluded by gating on the immune-cell-enriched cell popula-
tion in the forward and sideward scatter as described else-
where (45); (Fig. 5a). In this population, CD11b— and F4-/
80-positive cells were identified, both common markers for
macrophages (Fig. 5a). CDllc labeling was then observed in
the CDI11b, F4/80 double-positive population (Fig. 5b). The
percentage of CDl1lc-positive cells within the CD11b— and
F4-/80-positive population was calculated.

Magnetic resonance imaging

Animals were anesthetized by continuous isofluran (2-2.5 ml/
1) inhalation (Isofluran Baxter; Baxter, Unterschleissheim,
Germany). MRI was performed on a 7T small animal scan-
ner (ClinScan; Bruker, Ettlingen, Germany) equipped with a
mouse body coil of 35 mm diameter (Bruker) and breathing
triggered data acquisition (PC Sam; SA instruments, Stony
Brook, NY, USA). Coronal images of the abdomen were
acquired using three different 3D sequences: a T1-weighted
gradient echo sequence (TR: 150 ms, TE: 3.0 ms, FA: 25°,
FoV: 25 x 25 mm, matrix: 128 x 128, slices: 32, slice thick-
ness: 0.5 mm, voxel size: 0.195 x 0.195 x 0.5 mm?, acquisi-
tion time: 342 s,) a T2-weighted turbo spin echo sequence
(TR: 1100 ms, TE: 46 ms, FoV: 30 x 30 mm, matrix:
320 x 320, slices: 32, slice thickness: 0.7 mm, voxel size:
0.094 x 0.094 x 0.7 mm>, acquisition time: 415 s), and an
in-phase/opposed-phase gradient echo sequence (TR: 12 ms,
TE: 2.5 and 5 ms, FA: 15° FoV: 42 x 28 mm, Matrix:
192 x 192, TA: 306 s) to acquire pure water and pure fat
images using the three-point Dixon method (46). The relative
fat content of the abdomen was estimated in percent by
dividing the pixel intensity of the fat-weighted images by the
sum of pixel intensity of the water and fat-weighted images.

Transversal images of the lung to assess the lung volume
were acquired during inspiration. A T1-weighted 3D sequence
was used (TR 150 ms; TE 3.03 ms; FA 25°;, FoV 25 x 25 mm;
slices 32; slice thickness 0.5 mm; voxel size 0.20; acquisition
time: 5.42 min). Lung images were analyzed for the lung vol-
ume using the MIPAYV change fond software (NIH, Bethesda,
Maryland, USA) as described previously (47).
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Statistical analyses

All numerical data were expressed as means = SEM. Data
were analyzed for significance using the Student’s unpaired #-
test. Differences were considered significant at a P-value of
<0.05. Levels of significance were indicated as following:
*P < 0.05 **P < 0.01, ***P < 0.001. Linear regression
analyses were performed for correlation analyses with the
body weight, and an F-test was performed to calculate
whether the slope significantly deviated from zero. For all
linear regression analyses, data were pooled from protocol
OVA 30 pg and OVA 20 pg (Fig. 1f). Therefore, the mean
across the HFD and LFD groups (separately for protocol
OVA 30 pg or OVA 20 pg) was subtracted from each data
value. Thereafter, the result was divided by the corresponding
SD. Finally, the data were back-transformed to absolute val-
ues, by first multiplying the SD across all original data val-
ues, and second, the corresponding mean was added.

Results

Feeding a HFD results in obesity and metabolic syndrome-
like changes

To investigate the effect of obesity on asthma, obesity-sus-
ceptible AKR mice were subjected to either HFD or normal
diet, referred to as LFD. Body mass index, distribution of
the white fat tissue and obesity typical metabolic changes
were assessed consecutively.

Already within the first 14 days, animals in the HFD
group had a significantly (P < 0.01) higher body weight as
compared with LFD fed animals (HFD 26 +4 g; LFD
22 + 4 g, data not shown). This weight difference further
increased until day 62 (HFD 37 £4 g; LFD 26 = 4 g; data
not shown) and resulted in a significantly higher (P < 0.001)
BMI in the HFD group (HFD 32 +0.7 g/em* LFD
28 + 0.6 g/em?; Fig. la). Tt is known that in addition to a
high BMI, a particularly viscerally and subcutaneously dis-
tributed fat tissue predisposes for obesity-related diseases
(48,49). To assess its distribution, the fat tissue was quanti-
fied by abdominal MRI images (Fig. 1b). Animals in the
HFD group had a 35% higher fat tissue/water ratio as com-
pared to animals of the LFD group (P < 0.05). Further-
more, the inguinal fat tissue was removed and weighed; this
fat depot was also significantly (P < 0.001) heavier in the
HFD group (HFD 204 + 15 mg; LFD 92 + 4 mg; Fig. lc).

Animals fed with HFD had an about 25% higher food
intake as compared to LFD (data not shown). The composi-
tion of HFD differed from the LFD diet by a ~30% higher
fat content with a distinct higher amount of C17-C23 satu-
rated fatty acids (SFA), (Fig. 1d). To evaluate whether this
differences in diet composition would lead to an altered body
fat constitution, erythrocyte membranes and white fat tissue
were analyzed. The high amount of C17-C23 SFA in the
HFD was reflected by a significantly higher (P < 0.01)
percentage of this FA in both compartments (erythrocytes:
HFD 15+ 0.7%; LFD 10 + 0.4%; white fat tissue: HFD
5+£0.1%; LFD 3+0.4%; Fig. 1d). In contrast, the

© 2012 John Wiley & Sons A/S
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percentage of C12-C16 FAs was significantly (P < 0.05)
lower in both compartments for the HFD as compared to
the LFD group (erythrocytes: HFD 25+ 0.4%; LFD
31 £+ 0.1%; white fat tissue: HFD 20 + 0.7%; LFD 25 + 1%;
Fig 1d). These data indicate that the FA composition of the
diet affects the body fat composition.

Fasting cholesterol, triglycerides and blood glucose levels
were measured every other week. Metabolic changes were
detected from day 28 onwards (data not shown), as shown
by a significantly (P < 0.001) higher serum fasting choles-
terol levels in the HFD group (HFD 89 + 3 mg/dl; LFD
60 + 2 mg/dl). During the initial 4 weeks of HFD, fasting tri-
glycerides remained unchanged and were significantly
(P < 0.05) higher at day 62 (HFD 193 + 31 mg/dl; LFD
114 + 12 mg/dl; Fig. le). At this later time point also,
increasing fasting glucose blood levels were detected (HFD
183 £ 10 mg/dl; LFD 162 + 10 mg/dl; Fig. le), and together
with significantly (P < 0.05) elevated postprandial blood
glucose levels (HFD 355 + 25 mg/dl; LFD 251 + 63 mg/dl;
Fig. le), this indicates proceeding glucose intolerance in the
HFD group.

HFD increases the susceptibility to allergic sensitization

To investigate whether obesity affects allergic sensitization an
adjuvant-free protocol of sensitization (37) was started at day
28, after the first metabolic changes were present (Fig. 1f).

Obesity lowers the threshold of allergic sensitization

The protocol included three increasing steps of sensitization
doses, starting with a single, two or three subcutaneous injec-
tions of OVA. Injections of OVA did neither affect the
weight of the animals nor the metabolic changes that were
observed under HFD feeding (data not shown).

The level of sensitization was assessed by measuring anti-
OVA-IgE, -1gG2a, and -IgG1 serum antibody concentration.
Control injections of PBS did not induce any antibody
responses in the animals (data not shown). A single dose of
OVA was insufficient to induce measureable anti-OVA-IgE,
anti-OVA-IgGl or anti-OVA-IgG2a antibody responses in
any study group. After two subcutaneous injections of OVA
(OVA 20 pg), anti-OVA IgE levels were significantly
(P < 0.01) higher in the HFD group (86 + 11 ng/ml) as
compared to the LED group (20 + 9 ng/ml). If animals were
sensitized three times (OVA 30 pg), the difference between
the diet groups was lost (P > 0.1), and anti-OVA IgE levels
were similarly high in the LFD (71 + 8 ng/ml) and in the
HFD group (94 + 11 ng/ml, Fig. 2a).

Furthermore, a positive correlation (P < 0.05; > =0.2)
was found for anti-OVA IgE serum levels, and the body weight
of the animals, together with an inverse correlation (P < 0.05;
? = 0.2) for the anti-OVA IgG2a isotype (Fig. 2b). IgG2a lev-
els were always lower in animals of the HFD as compared to
the LFD group (Fig. 2a). Anti-OVA IgGl levels increased
with increasing sensitization doses. There were no significant
differences between the HFD and LFD groups in anti-OVA
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Figure 2 Effects of obesity on allergic sensitization. (A), Anti- oval-
bumin (OVA) IgE and anti-OVA 1gG2a antibody titers in the serum
of mice treated with protocol OVA 10-30 ug (Fig. 1), (n=7). (B),
Correlation of anti-OVA IgE and IgG2a with the body weight. The
data were normalized by the mean and the SE. LFD and HFD
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animals from OVA 20 pg and OVA 30 ug were combined (n > 25).
Dotted lines indicate the 95% confidence interval; » = 0.2 for IgE
and IgG2a (C), Concentration of II-5 and IFN-y in the broncho-alveo-
lar lavage fluid (n = 7).
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IgGl1 levels, and no significant correlation with the body
weight was found (Data not shown).

HFD augments allergic airway inflammation but not mucus
production

Following OVA sensitization, the asthma phenotype was
induced by three consecutive aerosol allergen challenges.
IFN-y and IL-5 production were measured in BAL fluids, as
markers of THI1, TH2, and T-cell activation, respectively.
IL-5 levels were increased in both diet groups after sensitiza-
tion to and challenge with OVA, with a trend to higher
levels in the HFD group after protocol OVA 20 pg (Fig. 2c).
In contrast, IFN-y levels were lower in the HFD as

A PBS
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compared to the LFD group, following protocol OVA 20 ng
(Fig. 2¢).

Accumulation of eosinophils in the lung and an increasing
number of goblet cells in the airway epithelium is characteristic
for acute asthma exacerbation. To enummerate eosinophil
numbers, lung sections were analyzed by a systematic and ran-
domized approach using the CAST System. After sensitization
to and challenge with OVA, eosinophils infiltrated the lung
particularly in the peribronchial and perivascular space
(Fig. 3a), while there were almost no eosinophils in the lung
tissue of PBS-treated mice (0.2 = 0.15 cells/mm?). After OVA
treatment, a significantly (P < 0.05) higher number of
eosinophils was found in the HFD (15.9 £ 1.1 cells/mm?)
compared with the LFD group (11.8 + 1.3 cells/mm?; Fig. 3b).

OVA

-
n
i}

Tissue eosinophiles/mm?
g 3

=
B

LFD HFD
PBS OVA

0.00 ]ll

LFD HFD
PBS OVA

Figure 3 Effect of high-fat diet on the allergic airway inflammation.
(A), Following protocol ovalbumin (OVA) 30 pg, lung sections were
stained with hematoxylin—eosin (HE) to identify lung infiltrating
leukocytes or periodic acid shift (PAS)-positive cells to identify
goblet cells. (B, C), numbers of eosinophils and goblet cells were
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correlated with body weight. The data were normalized by the
mean and the SE. LFD and HFD animals from OVA 20 pg and OVA
30 ug were combined (n > 28) eosinophils * = 0.2; goblet cells
= 0.0003.
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flexi-vent (n = 7). (C), airway responsiveness defined as the resis-
tance after inhalation of increasing amounts of methacholine
(Rmeth.), divided by the baseline resistance before methacholine
(RPBS), (n=7).

Eosinophil cell numbers furthermore correlated positively
(P < 0.05; #*=0.2) with the body weight of the animals
(Fig. 3b). PAS-positive goblet cells were quantified in the air-
way epithelium of the mice. After OVA treatment, the number
of PAS-positive cells was about tenfold higher (HFD
0.07 £ 0.01 cells/um; LFD 0.07 + 0.01 cells/um) compared
with the PBS group (0.006 = 0.01 cells/um). However, goblet
cell numbers were not affected by the diet nor did the body
weight of the animals correlate (P > 0.05; > = 0.0003) with
the number of PAS-positive cells (Fig. 3c).

No differences in lung function between obese and lean
animals

To test whether increasing body fat might have restrictive
effects on the anatomical or physiological lung volume, static
lung volume with forced inspiration was measured in the
flexi-vent system and dynamic lung volume in the MRI dur-
ing normal breathing of the mice. Both methods confirmed
that the lung volume remained unaffected by the diet or the
body weight of the animals (Fig. 4a,b). As worsening of lung
inflammation might be associated with increasing methacho-
line-induced airway hyper-responsiveness (AHR), invasive
lung function measurements were performed in the animals.
In both diet groups, methacholine-induced AHR was clearly
increased in mice challenged with OVA (OVA 30 pg) as
compared to mice treated with PBS; however, there was no
difference in the AHR between the two diet groups (Fig. 4c).
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Figure 5 Immunological changes after high-fat diet. (A), Represen-
tative flow cytometry to identify macrophages by their expression
of CD11b and F4-80. (B), CD11b—/F4-80-positive cells were ana-
lyzed for CD11c expression. (C), Percentage of CD11c+ cells on
CD11b+/F4-80+ macrophages in the peritoneal lavage of nonasth-
matic mice (n = 5). (D), IL-6 in the serum of nonasthmatic animals
(n=7).

Obesity is associated with a systemic inflammatory response

It is well established that obesity induces inflammatory
immune responses that are characterized by the increased
frequency and activation of a pro-inflammatory, IL-6-produc-
ing macrophage subtype in the fat tissue (18,50). These fat tis-
sue macrophages are distinguished by CDllc expression
compared with CD11c-negative, IL-10-producing anti-inflam-
matory macrophages. (18,50). Macrophages from the perito-
neal lavage were characterized by CDI11lb and F4-80
expression via FC at day 62 (Fig. 5a). In this population, a
high percentage of CD1l1c-positive macrophages was found in
the HFD group (HFD 78 + 5%; LFD 13 + 11%; Fig. 5b,c).
In the LFD group, most macrophages were CD1l1c negative
(Fig. 5b,c). In parallel, IL-6 was measured in serum samples as
a marker of systemic inflammation. A significant (P < 0.05)
increase in IL-6 serum levels (HFD 162 + 43 pg/ml; LFD
45 £ 19 pg/ml) was detected in the HFD group (Fig. 5d).

Discussion

A mouse model of obesity with profound metabolic altera-
tions was established to investigate the impact on allergic
sensitization and lung inflammation in experimentally
induced asthma. It was found, for the first time, that obesity
lowered the threshold of allergic sensitization, as smaller
amounts of allergen were sufficient to induce a comparable
level of allergen-specific antibodies as compared to lean mice.
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Allergen-specific IgE levels correlated positively with the
body weight of the animals. Importantly, an increasing body
weight was also correlated with worsened eosinophilic airway
inflammation.

A higher prevalence of asthma in obese and overweight
adults and children has been demonstrated by several clinical
studies (3,51,52). The concept that there exists a cause—effect
relationship between obesity and asthma development is sup-
ported by the observation that obesity precedes asthma
(3,51,52).

To further explore underlying mechanisms, a variety of
genetically engineered animals have been employed, including
obese ob/ob and db/db mice, Cpe fat mice, carboxypeptidase
E —/— mice, and others (26-28), However, genetically engi-
neered models only allow the assessment of that particular
gene on the development of phenotype. In contrast, our wt
approach allows the assessment of the complex cellular and
molecular nature of phenotype development independent of
the genetic background.

Other studies that induced obesity by HFD feeding used
C57BL/6 mice (29,30,53). As these mice poorly develop AHR
in OVA-induced asthma models (54), we chose AKR mice,
which are prone to a phenotype of AHR and obesity (55,56).
Long-term HFD feeding caused a prestage of metabolic syn-
drome (57) and a particularly visceral distribution of body
fat; both are established predictors for the development of
chronic diseases (48,49,58). In contrast, previous studies of
HFD feeding induced a rather low (29) or no (53) body
weight increase. Following allergen sensitization and chal-
lenge, AKR mice developed a robust TH2-related inflamma-
tory response with IgE and IL-5 production in our model.
Obese individuals are characterized by the presence of a low-
grade chronic systemic inflammatory response as defined by
increased circulating leukocytes, increased serum concentra-
tions of certain cytokines (adipocines); (15,59), cytokine
receptors, and acute-phase protein (60-62). A link between
obesity and (systemic) inflammation has been recently sup-
ported by studies in patients, showing decreased responses to
steroids in obese asthmatics (63) and a higher percentage of
neutrophils in induced sputum together with increase in TLR-
4 gene expression after a high-fat meal (64). Innate immunity
plays an important role during asthma development, IL-6
(65-67) and activation of TLR-2 and TLR-4 (68) are known
to facilitate TH2 differentiation. Previously, the pro-inflam-
matory state in obesity was linked with an increased number
and activation state of pro-inflammatory macrophages,
whereas in lean animals, the fat tissue contains only a few
rather anti-inflammatory macrophages (69). These pro-inflam-
matory macrophages are characterized by the expression of
CDllc on their surface in addition to common macrophage
markers such as CD11b and F4/80 (69). Furthermore, these
macrophages show a strong activation by free fatty acids and
certain saturated fatty acids (70-72) via TLR 2 and 4 (20,21)
to produce cytokines including IL-1B, IL-6, MCP-1, and
TNF-a (73), whereas CD1l1c-negative macrophages produced
more IL-10 (18,69,74). Importantly, TLR 2 and 4 activation
and subsequent cytokine expression is associated with
increased severity of asthma exacerbation (75).
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These observations are in line with our findings, linking
metabolic changes with increased concentrations of saturated
fatty acids, increased influx, and activation of CD11c-positive
macrophages, systemic low-grade inflammation and an
increased state of allergic sensitization with an up-regulated
TH2-immune response, whereas most previous animal studies
of HFD feeding did not take inflammatory changes into
account (29-31,53).

As clinical studies show that particularly childhood obesity
predisposes for higher incidence and severity of adult asthma
(76), we wanted to investigate whether obesity also influences
the development of allergic sensitization. Previous animal
studies focused on the investigation of acute exacerbation
phase (29,30,53) and can therefore not explain why the
asthma prevalence increases in obese patients. In the current
study, it was found that the TH2-related anti-OVA IgE anti-
body response was positively and the TH1-related anti-OVA
IgG2a antibody response was negatively correlated with the
weight of the animals. Previous studies compared diet groups
instead of assessing individual mice in correlation with their
weight (29,53). Therefore, they might have missed an associa-
tion between these two variables. The increase in IgE levels
under HFD supports previous clinical studies showing ele-
vated IgE antibody levels in obese asthmatics (77,78). More-
over, a lower dose of allergen was required in the obese
animals to induce comparable IgE antibody titers as in non-
obese mice. Interestingly, only the protocol with a medium
cumulative allergen dose (OVA 20 pg) caused a significant
difference in IgE levels between the obese and lean mice. We
suggest that there is a dose window that allows the observa-
tion of obesity effects on allergic immune responses in
asthma. If a certain critical allergen dose is exceeded, the
obesity effects on the asthmatic phenotype are overwhelmed
by a saturated antibody response to the allergen.

Furthermore, we examined whether the observed changes
affect the asthmatic phenotype. A positive correlation of lung
eosinophilia and the body weight was found.

Surprisingly, no effects on the animals’ lung function were
apparent. This could be explained by the genetic AKR back-
ground that predisposes for an overreaction to methacholine-
induced AHR and might therefore prevent the detection of
minor changes in AHR (41). The relationship between
inflammation and AHR is still not entirely clear. We and
others have previously observed in some models that AHR
develops in the absence of airway inflammation (79-81).
Conversely, even in the presence of airway inflammation,
AHR does not always develop in parallel (54). Therefore, the
proposed concept is that there are certain inflammatory path-
ways that may alter AHR, whereas other inflammatory path-
ways do not have an effect on airway contractility. Also,
increased airway contractility may develop in the absence of
airway inflammation, indicating that AHR might be the com-
mon phenotype of different signaling pathways. Applying
this concept to this study, it clearly shows that the state of
inflammation induced in the obese mice has no effect on
AHR. This is also in line with several clinical studies showing
that obesity does not predispose for AHR (82,83) but rather
predispose for a higher incidence of asthma and a ‘worse to
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treat’ phenotype with more frequent asthma exacerbation (9—
12). In fact a most recent study even shows a protective
effect of overweight on AHR but still negative effects on
other symptoms as wheezing (84).

In summary, here it was shown that obesity leads to severe
and sustained metabolic and inflammatory changes. These
system alterations might predispose for a TH2-biased
immune response, with lower allergen threshold as well as
increased IgE and suppresses IgG2a antibody responses. In
turn, this could lead to aggravated asthma exacerbation with
increased release of TH2 cytokines and airway eosinophilia.

Conclusions

The presented study supports the concept of a cause—effect
relationship between obesity and asthma. In particular, child-
hood obesity is a strong risk factor for the later development
of allergic asthma. Our findings provide strong evidence that
this could be due to a decrease in sensitization threshold in
obese individuals. This increases the likelihood of allergic
sensitization to even small doses of allergen and a concur-
rently more severe effector phase.

Obesity is strongly related to immunological changes caus-
ing a low-grade systemic inflammation. Most likely, this
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immune modulation predispose for stronger allergen sensitivity
and TH2 differentiation (85). Markers of inflammation might
be even used as predictors for later development of asthma and
are known as risk factors for asthma exacerbation (86). It is
therefore important that animal models to study obesity effects
on allergy closely mimic the metabolic phenotype of obese
patients and strongly control for obesity-related immunologi-
cal changes. With respect to our findings, it seems relevant for
further studies to rather focus on the pathology of sensitization
than exacerbation of obesity-associated asthma.

Acknowledgments

We thank F. Dederichs and K. Stelter for excellent technical
assistance. Furthermore, we thank H. Garn, H. Delille, A.
Kili¢, and K. Seidler for their fruitful discussions. This study
was supported by the DFG-funded consortium SFB/TR22,
the Universities of Giessen, and Marburg Lung Centre (UG-
MLC) which is an initiative of the LOEWE program of the
Land Hessian.

Conflict of interest

None.

References

1. WHO. Obesity: preventing and managing adult-onset asthma in women. Arch Intern 18. Lumeng CN, Bodzin JL, Saltiel AR. Obesity
the global epidemic. Report of a WHO con- Med 1999;159:2582-2588. induces a phenotypic switch in adipose tissue
sultation. World Health Organ Tech Rep Ser 10. Guerra S, Sherrill DL, Bobadilla A, Marti- macrophage polarization. J Clin Invest
2000:894: i—xii, 1-253. nez FD, Barbee RA. The relation of body 2007;117:175-184.

2. Haslam DW, James WPT. Obesity. Lancet mass index to asthma, chronic bronchitis, 19. Zeyda M, Stulnig TM. Adipose tissue mac-
2005;366:1197-1209. and emphysema. Chest 2002;122:1256-1263. rophages. Immunol Lett 2007;112:61-67.

3. Beuther DA. Recent insight into obesity and 11. Luder E, Ehrlich RI, Lou WYW, Melnik 20. Lee JY, Zhao L, Youn HS, Weatherill AR,
asthma. Curr Opin Pulm Med 2010;16:64-70. TA, Kattan M. Body mass index and the Tapping R, Feng L et al. Saturated fatty

4. Shaheen SO, Sterne JA, Montgomery SM, risk of asthma in adults. Respir Med acid activates but polyunsaturated fatty acid
Azima H. Birth weight, body mass index 2004;98:29-37. inhibits Toll-like receptor 2 dimerized with
and asthma in young adults. Thorax 12. Lugogo NL, Kraft M, Dixon AE. Does Toll-like receptor 6 or 1. J Biol Chem
1999;54:396-402. obesity produce a distinct asthma pheno- 2004;279:16971-16979.

5. Celedon JC, Palmer LJ, Litonjua AA, Weiss type? J Appl Physiol 2010;108:729-734. 21. Lee JY, Ye J, Gao Z, Youn HS, Lee WH,
ST, Wang B, Fang Z et al. Body mass index 13. Handschin C, Spiegelman BM. The role of Zhao L et al. Reciprocal modulation of
and asthma in adults in families of subjects exercise and PGClalpha in inflammation Toll-like receptor-4 signaling pathways
with asthma in Anqing, China. Am J Respir and chronic disease. Nature 2008;454:463— involving MyD88 and phosphatidylinositol
Crit Care Med 2001;164:1835-1840. 469. 3-kinase/AKT by saturated and polyunsatu-

6. Figueroa-Mufioz JI, Chinn S, Rona RJ. 14. Ouchi N, Parker JL, Lugus JJ, Walsh K. rated fatty acids. J Biol Chem
Association between obesity and asthma in Adipokines in inflammation and metabolic 2003;278:37041-37051.
4-11 year old children in the UK. Thorax disease. Nat Rev Immunol 2011;11:85-97. 22. Poulain-Godefroy O, Le Bacquer O, Plancq
2001;56:133-137. 15. Balistreri CR, Caruso C, Candore G. The P, Lecoeur C, Pattou F, Frithbeck G et al.

7. von Mutius E, Schwartz J, Neas LM, Doc- role of adipose tissue and adipokines in Inflammatory role of Toll-like receptors in
kery D, Weiss ST. Relation of body mass obesity-related inflammatory diseases. Medi- human and murine adipose tissue. Mediators
index to asthma and atopy in children: the ators Inflamm 2010;2010:802078 Inflamm 2010;2010:823486.
National Health and Nutrition Examination 16. Cinti S, Mitchell G, Barbatelli G, Murano 1, 23. Shore SA. Obesity and asthma: lessons from
Study III. Thorax 2001;56:835-838. Ceresi E, Faloia E et al. Adipocyte death animal models. J Appl Physiol 2007;102:516—

8. Brabick L, Hjern A, Rasmussen F. Body defines macrophage localization and function 528.
mass index, asthma and allergic rhinocon- in adipose tissue of obese mice and humans. 24. Shore SA, Rivera-Sanchez YM, Schwartz-
junctivitis in Swedish conscripts-a national J Lipid Res 2005;46:2347-2355. man IN, Johnston RA. Responses to ozone
cohort study over three decades. Respir Med 17. Weisberg SP, McCann D, Desai M, are increased in obese mice. J Appl Physiol
2005;99:1010-1014. Rosenbaum M, Leibel RL, Ferrante AW. 2003;95:938-945.

9. Camargo CA, Weiss ST, Zhang S, Willett Obesity is associated with macrophage accu- 25. Rivera-Sanchez YM, Johnston RA, Sch-

WC, Speizer FE. Prospective study of body
mass index, weight change, and risk of

© 2012 John Wiley & Sons A/S

mulation in adipose tissue. J Clin Invest
2003;112:1796-1808.

wartzman IN, Valone J, Silverman ES, Fred-
berg JJ et al. Differential effects of ozone on



Obesity lowers the threshold of allergic sensitization

26.

27.

28.

29.

30.

31.

32.

34.

3s.

36.

38.

airway and tissue mechanics in obese mice. J
Appl Physiol 2004;96:2200-2206.

Johnston RA, Theman TA, Shore SA. Aug-
mented responses to ozone in obese carboxy-
peptidase E-deficient mice. Am J Physiol
Regul Integr Comp Physiol 2006;290:R126—
R133.

Lu FL, Johnston RA, Flynt L, Theman TA,
Terry RD, Schwartzman IN et al. Increased
pulmonary responses to acute ozone expo-
sure in obese db/db mice. Am J Physiol Lung
Cell Mol Physiol 2006;290:L.856-L865.
Johnston RA, Theman TA, Lu FL, Terry
RD, Williams ES, Shore SA. Diet-induced
obesity causes innate airway hyperrespon-
siveness to methacholine and enhances
ozone-induced pulmonary inflammation. J
Appl Physiol 2008;104:1727-1735.

Mito N, Kitada C, Hosoda T, Sato K.
Effect of diet-induced obesity on ovalbumin-
specific immune response in a murine asthma
model. Metab Clin Exp 2002;51:1241-1246.
Calixto MC, Lintomen L, Schenka A, Saad
MJ, Zanesco A, Antunes E. Obesity
enhances eosinophilic inflammation in a
murine model of allergic asthma. Br J Phar-
macol 2010;159:617-625.

Saraiva SA, Silva AL, Xisto DG, Abreu SC,
Silva JD, Silva PL et al. Impact of obesity
on airway and lung parenchyma remodeling
in experimental chronic allergic asthma.
Respir Physiol Neurobiol 2011;177:141-148.
Umetsu DT, Dekruyff RH. Immune dysre-
gulation in asthma. Curr Opin Immunol
2006;18:727-732.

. Pearlman DS. Pathophysiology of the

inflammatory response. J Allergy Clin Immu-
nol 1999;104:S132-S137.

Matsui EC, Sampson HA, Bahnson HT,
Gruchalla RS, Pongracic JA, Teach SJ et al.
Allergen-specific IgE as a biomarker of
exposure plus sensitization in inner-city ado-
lescents with asthma. Allergy 2010;65:1414—
1422.

de Angelis MH, Chambon P, Brown SDM.
Standards of mouse model phenotyping.
Weinheim: Wiley-VCH; 2006.

Bocking C, Nockher WA, Schreiner M,
Renz H, Pfefferle PI. Development and vali-
dation of a combined method for the bio-
monitoring of omega-3/-6 fatty acids and
conjugated linoleic acids in different matrices
from human and nutritional sources. Clin
Chem Lab Med 2010:48:1757-1763.

. Conrad ML, Yildirim AO, Sonar SS, Kilig

A, Sudowe S, Lunow M et al. Comparison
of adjuvant and adjuvant-free murine experi-
mental asthma models. Clin Exp Allergy
2009;39:1246-1254.

Vanoirbeek JAJ, Rinaldi M, de Vooght V,
Haenen S, Bobic S, Gayan-Ramirez G et al.
Noninvasive and invasive pulmonary func-
tion in mouse models of obstructive and

39.

40.

41.

42.

44,

45.

46.

47.

48.

49.

50.

restrictive respiratory diseases. Am J Respir
Cell Mol Biol 2010;42:96-104.
Neuhaus-Steinmetz U, Glaab T, Daser A,
Braun A, Lommatzsch M, Herz U et al.
Sequential development of airway hyperre-
sponsiveness and acute airway obstruction in
a mouse model of allergic inflammation. Int
Arch Allergy Immunol 2000;121:57-67.
Gundersen HJ, Jensen EB. The efficiency of
systematic sampling in stereology and its
prediction. J Microsc 1987;147:229-263.
Ewart SL, Kuperman D, Schadt E, Tankers-
ley C, Grupe A, Shubitowski DM et al.
Quantitative trait loci controlling allergen-
induced airway hyperresponsiveness in
inbred mice. Am J Respir Cell Mol Biol
2000;23:537-545.

Renz H, Smith HR, Henson JE, Ray BS,
Irvin CG, Gelfand EW. Aerosolized antigen
exposure without adjuvant causes increased
IgE production and increased airway respon-
siveness in the mouse. J Allergy Clin Immu-
nol 1992;89:1127-1138.

. Garn H. Specific aspects of flow cytometric

analysis of cells from the lung. Exp Toxicol
Pathol 2006;57(Suppl 2):21-24.

Garn H, Siese A, Stumpf S, Wensing A,
Renz H, Gemsa D. Phenotypical and func-
tional characterization of alveolar macro-
phage subpopulations in the lungs of NO2-
exposed rats. Respir Res 2006;7:4.

Taxel P, Kaneko H, Lee S, Aguila HL,
Raisz LG, Lorenzo JA. Estradiol rapidly
inhibits osteoclastogenesis and RANKL
expression in bone marrow cultures in post-
menopausal women: a pilot study. Osteopo-
ros Int 2008;19:193-199.

Delfaut EM, Beltran J, Johnson G, Rous-
seau J, Marchandise X, Cotten A. Fat sup-
pression in MR imaging: techniques and
pitfalls. Radiographics 1999;19:373-382.
Heverhagen JT, Hahn HK, Wegmann M,
Herz U, Shaffer Whitaker CD, Matschl V
et al. Volumetric analysis of mice lungs in a
clinical magnetic resonance imaging scanner.
MAGMA 2004;17:80-85.

Pou KM, Massaro JM, Hoffmann U, Vasan
RS, Maurovich-Horvat P, Larson MG et al.
Visceral and subcutaneous adipose tissue
volumes are cross-sectionally related to
markers of inflammation and oxidative
stress: the Framingham Heart Study. Circu-
lation 2007;116:1234—1241.

Musaad SMA, Patterson T, Ericksen M,
Lindsey M, Dietrich K, Succop P et al.
Comparison of anthropometric measures of
obesity in childhood allergic asthma: central
obesity is most relevant. J Allergy Clin
Immunol 2009;123:1321-1327. el2.

Dalmas E, Clément K, Guerre-Millo M.
Defining macrophage phenotype and func-
tion in adipose tissue. Trends Immunol
2011;32:307-314.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Dietze et al.

Ford ES. The epidemiology of obesity and
asthma. J Allergy Clin Immunol
2005;115:897-909, quiz 910.

Nystad W, Meyer HE, Nafstad P, Tverdal
A, Engeland A. Body mass index in relation
to adult asthma among 135,000 Norwegian
men and women. Am J Epidemiol
2004;160:969-976.

de Vries A, Hazlewood L, Fitch PM, Seckl
JR, Foster P, Howie SEM. High-fat feeding
redirects cytokine responses and decreases
allergic airway eosinophilia. Clin Exp Allergy
2009;39:731-739.

van Hove CL, Maes T, Cataldo DD, Gué-
ders MM, Palmans E, Joos GF et al. Com-
parison of acute inflammatory and chronic
structural asthma-like responses between
C57BL/6 and BALB/c mice. Int Arch Allergy
Immunol 2009;149:195-207.

Brewer JP, Kisselgof AB, Martin TR.
Genetic variability in pulmonary physiologi-
cal, cellular, and antibody responses to anti-
gen in mice. Am J Respir Crit Care Med
1999;160:1150-1156.

Alexander J, Chang GQ, Dourmashkin JT,
Leibowitz SF. Distinct phenotypes of obes-
ity-prone AKR/J, DBA2J and C57BL/6J
mice compared to control strains. Int J Obes
(Lond) 2006;30:50-59.

Zimmet P, Magliano D, Matsuzawa Y, Al-
berti G, Shaw J. The metabolic syndrome: a
global public health problem and a new defi-
nition. J Atheroscler Thromb 2005;12:295—
300.

Agrawal A, Mabalirajan U, Ahmad T,
Ghosh B. Emerging interface between meta-
bolic syndrome and asthma. Am J Respir
Cell Mol Biol 2011;44:270-275.

Gimeno RE, Klaman LD. Adipose tissue as
an active endocrine organ: recent advances.
Curr Opin Pharmacol 2005;5:122-128.
Nawrocki AR, Scherer PE. The delicate bal-
ance between fat and muscle: adipokines in
metabolic disease and musculoskeletal
inflammation. Curr Opin Pharmacol
2004;4:281-289.

Rajala MW, Scherer PE. Minireview: The
adipocyte-at the crossroads of energy
homeostasis, inflammation, and atherosclero-
sis. Endocrinology 2003;144:3765-3773.
Hotamisligil GS. Inflammatory pathways
and insulin action. Int J Obes Relat Metab
Disord 2003;27(Suppl 3):S53-S55.

Forno E, Lescher R, Strunk R, Weiss S, Fu-
hlbrigge A, Celedon JC. Decreased response
to inhaled steroids in overweight and obese
asthmatic children. J Allergy Clin Immunol
2011;127:741-749.

Wood LG, Garg ML, Gibson PG. A high-
fat challenge increases airway inflammation
and impairs bronchodilator recovery in
asthma. J Allergy Clin Immunol
2011;127:1133-1140.

© 2012 John Wiley & Sons A/S



Dietze et al.

65.

66.

67.

68.

69.

70.

71.

Wong CK, Ho CY, Ko FW, Chan CH, Ho
AS, Hui DS et al. Proinflammatory cyto-
kines (IL-17, IL-6, IL-18 and IL-12) and Th
cytokines (IFN-gamma, IL-4, IL-10 and IL-
13) in patients with allergic asthma. Clin
Exp Immunol 2001;125:177-183.

Diehl S, Chow C, Weiss L, Palmetshofer A,
Twardzik T, Rounds L et al. Induction of
NFATc2 expression by interleukin 6 pro-
motes T helper type 2 differentiation. J Exp
Med 2002;196:39-49.

Doganci A, Sauer K, Karwot R, Finotto S.
Pathological role of IL-6 in the experimental
allergic bronchial asthma in mice. Clin Rev
Allergy Immunol 2005;28:257-270.

Phipps S, Lam CE, Foster PS, Matthaei KI.
The contribution of toll-like receptors to the
pathogenesis of asthma. Immunol Cell Biol
2007;85:463-470.

Nguyen MTA, Favelyukis S, Nguyen A,
Reichart D, Scott PA, Jenn A et al. A sub-
population of macrophages infiltrates hyper-
trophic adipose tissue and is activated by
free fatty acids via Toll-like receptors 2 and
4 and JNK-dependent pathways. J Biol
Chem 2007;282:35279-35292.

Gupta S, Knight AG, Gupta S, Keller JN,
Bruce-Keller AJ. Saturated long-chain fatty
acids activate inflammatory signaling in as-
trocytes. J Neurochem 2012;120:1060-1071.
Bueno AA, Oyama LM, de Macedo Motoy-
ama CS, da Silva Biz CR, Silveira VL, Ribe-
iro EB et al. Long chain saturated fatty
acids increase haptoglobin gene expression
in C57BL/6J mice adipose tissue and 3T3-L1
cells. Eur J Nutr 2010;49:235-241.

72. Milanski M, Degasperi G, Coope A, Mo-

rari J, Denis R, Cintra DE et al. Saturated

© 2012 John Wiley & Sons A/S

73.

74.

75.

76.

71.

78.

79.

Obesity lowers the threshold of allergic sensitization

fatty acids produce an inflammatory
response predominantly through the activa-
tion of TLR4 signaling in hypothalamus:
implications for the pathogenesis of obes-
ity. J Neurosci 2009;29:359-370.
Shi H, Kokoeva MV, Inouye K, Tzameli I,
Yin H, Flier JS. TLR4 links innate immu-
nity and fatty acid-induced insulin resistance.
J Clin Invest 2006;116:3015-3025.
Zeyda M, Farmer D, Todoric J, Aszmann
O, Speiser M, Gyori G et al. Human adi-
pose tissue macrophages are of an anti-
inflammatory phenotype but capable of
excessive pro-inflammatory mediator produc-
tion. Int J Obes (Lond) 2007;31:1420-1428.
Lee W, Yao T, Yeh K, Chen L, Ou L, Hu-
ang J. Stronger Toll-like receptor 1/2, 4, and
7/8 but less 9 responses in peripheral blood
mononuclear cells in non-infectious exacer-
bated asthmatic children. Immunobiology
2012 May 22. [Epub ahead of print].
Noal RB, Menezes AMB, Macedo SEC,
Dumith SC. Childhood body mass index
and risk of asthma in adolescence: a system-
atic review. Obes Rev 2011;12:93-104.
Vieira VJ, Ronan AM, Windt MR, Taglia-
ferro AR. Elevated atopy in healthy obese
women. Am J Clin Nutr 2005;82:504-509.
Visness CM, London SJ, Daniels JL, Kauf-
man JS, Yeatts KB, Siega-Riz A et al. Asso-
ciation of obesity with IgE levels and allergy
symptoms in children and adolescents:
results from the National Health and Nutri-
tion Examination Survey 2005-2006. J
Allergy Clin Immunol 2009;123:1163-1169,
1169.e1-4.
Kilig A, Sonar SS, Yildirim AO, Fehrenbach
H, Nockher WA, Renz H. Nerve growth

80.

81.

82.

83.

84.

85.

86.

factor induces type III collagen production
in chronic allergic airway inflammation. J
Allergy Clin Immunol 2011;128:1058-1066.
Baroffio M, Barisione G, Crimi E, Brusasco
V. Noninflammatory mechanisms of airway
hyper-responsiveness in bronchial asthma:
an overview. Ther Adv Respir Dis 2009;3:163
—174.

Downie SR, Salome CM, Verbanck S,
Thompson B, Berend N, King GG. Ventila-
tion heterogeneity is a major determinant of
airway hyperresponsiveness in asthma, inde-
pendent of airway inflammation. Thorax
2007;62:684-689.

Schachter LM, Salome CM, Peat JK, Wool-
cock AJ. Obesity is a risk for asthma and
wheeze but not airway hyperresponsiveness.
Thorax 2001;56:4-8.

Zerah-Lancner F, Boyer L, Rezaiguia-Delcl-
aux S, D’Ortho M, Drouot X, Guilloteau-
Schoennagel I et al. Airway responsiveness
measured by forced oscillation technique in
severely obese patients, before and after ba-
riatric surgery. J Asthma 2011;48:818-823.
Kwon J, Kim S, Kim T, Kim S, Park H,
Chang Y et al. Airway hyperresponsiveness
is negatively associated with obesity or over-
weight status in patients with asthma. Int
Arch Allergy Immunol 2012;159:187-193.
Diehl S, Rincoén M. The two faces of IL-6
on Thl1/Th2 differentiation. Mol Immunol
2002;39:531-536.

Robroeks CMHHT, van Vliet D, J6bsis Q,
Braekers R, Rijkers GT, Wodzig WKWH
et al. Prediction of asthma exacerbations in
children: results of a one-year prospective
study. Clin Exp Allergy 2012;42:792-798.



