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Background and purpose: Obesity is associated with deterioration in asthma outcomes. Although airways eosinophil
accumulation is characteristic of lung allergic diseases, little is known about the influence of obesity on the allergic eosinophil
trafficking from bone marrow to lung tissues, and recruitment to airways lumen. Here, we have assessed the effects of
diet-induced obesity on allergic eosinophilic inflammation in mice, examining eosinophil trafficking from bone marrow to
airways, and production of Ty1/Tu2 cytokines.

Experimental approach: C57BL/6 mice fed for 10 weeks with standard chow or high-fat diet were sensitized and challenged
with ovalbumin. At 24-96 h post-ovalbumin challenge, bronchoalveolar lavage (BAL) fluid, lung tissue and bone marrow were
examined.

Key results: The high-fat-fed mice exhibited increased body weight and epididymal fat, glucose intolerance and alterations in
lipid profile compared with the lean mice. Obesity markedly elevated serum leptin and lowered adiponectin levels. Ovalbumin
challenge in obese mice promoted a markedly higher eosinophil accumulation in bone marrow and connective tissue
surrounding the bronchial and bronchiolar segments. Eosinophil number in BAL fluid of obese mice was lower at 24 and 48 h.
Levels of interleukin (IL)-5, eotaxin, tumour necrosis factor-o. and IL-10 in BAL fluid of obese mice were significantly higher than
in lean mice.

Conclusions and implications: Diet-induced obesity enhanced eosinophil trafficking from bone marrow to lung tissues, and
delayed their transit through the airway epithelium into the airway lumen. Consequently, eosinophils remain longer in lung
peribronchiolar segments due to overproduction of Ty1/T2 cytokines and chemokines.
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Introduction

Epidemiological data show an increased incidence of asthma
in overweight or obese children and adults. The relative risk of
incident asthma increases with increasing body mass, which
has been associated with enhancement of asthma symptoms,
airway hyper-responsiveness and atopy (Shore, 2008). Obesity
may be particularly important for severe asthma because
more than 75% of asthmatic individuals visiting the emer-
gency room are obese or overweight (Thomson et al., 2003).
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Obesity may also increase disease severity in subjects that
already have asthma (Akerman et al., 2004), and appears to
alter the efficacy of standard medications for asthma (Peters-
Golden et al., 2006). Likewise, weight loss in obese, asthmatic
subjects results in decreased symptoms and severity of asthma
(Shore, 2008). Data from human and animal studies suggest
that obesity is a pro-inflammatory state. Increased levels of
leptin and decreased levels of adiponectin, as well as increased
production of pro-inflammatory cytokines such as interleukin
(IL)-6 and IL-1, have been detected in obese subjects (Fan-
tuzzi, 2005). The marked presence of macrophages within
adipose tissue is also believed to contribute to the amplifica-
tion of this inflammatory condition via the release of tumour
necrosis factor-o. (TNF-o) and IL-6, among other mechanisms
(Weisberg et al., 2003).

Selective accumulation of eosinophils into the airways
has become a central concept of the asthma pathology
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(Rothenberg and Hogan, 2006; Palmqvist et al., 2007). Eosi-
nophils synthesize and release pro-inflammatory substances,
including the preformed, cytotoxic, granular basic proteins
(major basic protein, eosinophil cationic protein, eosinophil
peroxidase and eosinophil-derived neurotoxin) and de novo
synthesized products such as arachidonic acid metabolites,
platelet-activating factor, reactive oxygen species and neu-
ropeptides (Kroegel et al., 1993). In addition, eotaxin plays
important roles in attracting eosinophils into inflammatory
sites via the chemokine receptor CCR-3 (Palmgqvist et al.,
2007). Accordingly, increased eotaxin levels have been
detected in the serum, plasma and/or sputum of asthmatic
patients and antigen-challenged animals (Lilly ef al., 2001;
Tateno et al., 2004; Li et al., 2005).

In the last few years, animal models of obesity have been
used to increase our understanding of the pathophysiology of
airway hyper-responsiveness and inflammation in allergic
individuals (see Shore and Johnston, 2006). In non-allergic
models of pulmonary inflammation, ozone exposure has been
shown to enhance the airway hyper-responsiveness in both
ob/ob mice (obese animals with a genetic defect in the gene
encoding leptin) and db/db mice (obese animals lacking the
leptin receptor; Shore et al., 2003; Rivera-Sanchez et al. 2004).
Higher levels of eotaxin, IL-6, KC and MIP-2 in bronchoal-
veolar lavage (BAL) fluid, along with increased expressions of
pulmonary IL-1f and TNF-oo mRNA expressions, have also
been recently found in ozone-exposed obese mice (Lu et al.,
2006). Similar findings were observed in carboxypeptidase E
mutant fat mice after ozone exposure (Johnston et al., 2006).

Although eosinophil accumulation into the airways is one
of the main characteristics of allergic diseases, studies on the
influence of obesity on eosinophil trafficking remain surpris-
ingly few. Johnston et al. (2007) showed a decreased eosino-
phil number in BAL fluid of ob/ob mice sensitized and
challenged with ovalbumin. However, given that obesity is
more likely to aggravate airway inflammatory responses, our
hypothesis was to examine whether consumption of a high-
fat diet in a condition that more closely mimics the develop-
ment of human obesity (Surwit et al., 1995; Ikemoto et al.,
1996) aggravates the eosinophil recruitment to the airways in
mice actively sensitized and challenged with ovalbumin.

Therefore, in this study, we have followed over time the
eosinophil trafficking from bone marrow to peripheral blood,
and their recruitment into the airways in obese and allergic
mice, along with measurements of levels of Ty1/Tu2 cytok-
ines, adipocytokines and eotaxin in ovalbumin-sensitized
C57BL/6 obese mice, have been carried out in this study.

Methods

Animals

All animal care and experimental protocols were approved by
the Ethical Principles in Animal Research adopted by the
Brazilian College for Animal Experimentation (COBEA), and
followed the Guide for the Care and Use of Laboratory
Animals. Four-week-old male C57BL6/] mice were provided
by the Central Animal House Services of State University of
Campinas (UNICAMP). The animals were housed three per
cage on a 12 h light-dark cycle, and fed for 10 weeks with
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either a standard chow diet (carbohydrate: 70%; protein: 20%;
fat: 10%) or a high-fat diet that induces obesity (carbohydrate:
29%; protein: 16%; fat: 55%), according to our previous work
(Tsukumo et al., 2007).

Measurement of lipid levels

The measurements of total cholesterol (TC), high-density
lipoprotein (HDL) and triglycerides (TGs) in serum were
carried out using commercially available kits (Katal Biotec-
nolégica Industria e Comércio Ltda, Sao Paulo, Brazil). Low-
density lipoprotein (LDL) levels were calculated according to
the instructions of the manufacturer.

Oral glucose tolerance test (OGTT)

After 6 h of fasting, the mice (lean and obese) received a 20%
glucose solution (2 g-kg™') by gavage. The glucose concentra-
tion was measured in blood from the tail vein (Accu-Chek
Performa, Roche Diagnostics, Indianapolis, IN, USA) immedi-
ately before and at 15, 30, 60 and 120 min after glucose
loading.

Sensitization procedure and ovalbumin challenge

The mice were actively sensitized with a subcutaneous injec-
tion (0.4 mL) of 100 pg of ovalbumin (grade V; Sigma-Aldrich
Co., St Louis, MO, USA) mixed with 1.6 mg AI(OH); in 0.9%
NaCl (day 0). One week later (day 7), the mice received a
second subcutaneous injection of 100 ug ovalbumin (0.4 mL;
Lintomen et al., 2002). Non-sensitized mice received only a
subcutaneous injection of AI(OH); (0.4 mL). At days 14 and
15, non-sensitized and sensitized mice were intranasally chal-
lenged with ovalbumin (10 pg/50 pL) twice a day, thus result-
ing in four challenges (at day 14, the first challenge occurred
at time zero and the second challenge at 6 h later; at day 15,
the third challenge occurred at time zero and the fourth
challenge at 6 h later). As controls, both non-sensitized and
sensitized mice were identically challenged with saline
(50 uL). At 24, 48, 72 and/or 96 h after the first challenge, the
mice were anaesthetized with isoflurane and exsanguinated,
after which a sample of peripheral blood was collected from
the abdominal vena cava. BAL was performed, and the femur
was isolated to obtain the bone marrow (see below). Epididy-
mal fat mass was also collected and weighed, and lungs were
collected for morphological study, as detailed below.

BAL fluid

The mice were killed with isoflurane, and the trachea of
animals was exposed and cannulated with a polyethylene
tube connected to a syringe. The lungs were washed by flush-
ing with phosphate-buffered saline (PBS) (5 x 300 uL) through
the tracheal cannula. The fluid recovered after each wash was
combined and centrifuged (500x ¢ for 10 min at 4°C), and
BAL fluid supernatant was stored at —-80°C. The cell pellet was
resuspended in 200 pL of PBS, and total (Neubauer) and dif-
ferential (Diff-Quick stain) cell counts were done. A minimum



of 300 cells were counted and classified as eosinophils, neu-
trophils and mononuclear cells based on normal morphologi-
cal criteria.

Peripheral blood and bone marrow leukocytes

Blood samples were obtained from the abdominal vena cava,
and were allowed to clot for 30 min at 37°C, and the serum
was collected and stored at —20°C. The total cell counts were
done (Neubauer), and cytospin smears (Diff-Quick stain) were
used to obtain differential cell count. At least 300 cells were
counted and classified as eosinophils, neutrophils and mono-
nuclear cells based on normal morphological criteria.

The femurs of mice were also removed immediately after
killing, and the epiphyses were cut transversely. Bone marrow
cells were collected by flushing the two femurs with PBS
(2.5 mL per femur), and the total (Neubauer) and differential
(Diff-Quick stain) cell counts were done. A minimum of 300
cells were counted. The eosinophilic lineage was classified
as immature eosinophils (myeloblast, promyelocyte and
myelocyte) or mature eosinophils (metamyelocyte, band and
mature) recognized by the intensely eosinophilic granules
and morphological criteria.

Histological analysis

Lungs were removed and post-fixed by immersion for at least
24 h with 10% buffered formalin, after which they were mac-
roscopically examined and cut transversally into slices of
approximately 3 mm. Only the middle third of the caudal
aspects of both lungs were sent to embedding in paraffin.
Sections of these portions, 4-5 um thick, were stained with
haematoxylin-eosin, and evaluated for bronchiolitis under a
Nikon Eclipse E200 microscope adapted to a Nikon Coolpix
995 camera (3 Mpixel Nikon, Melville NY, USA). For each
animal, the extent of the lung infiltrate was determined by
establishing the percentage of compromised bronchioli
within 30 of such structures, randomly selected at low power
fields (i.e. using a 4x objective). In addition, using the 40x
objective, 18 random digital images per group (n = 6) were
taken within areas of overt peri-bronchiolar inflammation.
Total inflammatory and eosinophil cell counts were deter-
mined from these images, using the Imagelab Analysis soft-
ware (version 2.4), and expressed as number of cells mm™
Such quantification was focused on peri-bronchiolar areas,
provided these regions were the main sites of inflammatory
reaction. Parenchymal inflammation, represented by exten-
sion of the peri-bronchiolar infiltrates to alveoli, was mild/
focal and only detected in few animals; thus, parenchymal
infiltrates were not assessed quantitatively.

Measurement of cytokines and adipocytokine levels in BAL fluid
and/or serum

The cytokines IL-5, IL-6, IL-10, TNF-o and eotaxin were mea-
sured in BAL fluid, whereas the adipocytokines leptin and
adiponectin were measured in serum. All measurements were
carried out using commercially available ELISA kits (Mouse
DuoSet ELISA Development System), following the instruc-
tions of the manufacturer (R & D, Minneapolis, MN, USA).
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Statistical analysis

Data are presented as the means + SEM of n experiments. The
program Instat (GraphPad software) and the SAS System for
Windows (version 8.02) were used for statistical analysis. Two-
way repeated measures ANOVA was used to analyse the OGTT
data. One-way ANOVA was used to analyse the cell counts in
BAL fluid, bone marrow, peripheral blood and pulmonary
tissue, as well as cytokine levels in BAL fluid. In both cases,
ANOVA was followed by Tukey’s test. Non-paired Student’s
t-test was used to analyse body weight, epididymal fat, TC,
LDL, HDL and TGs. A value of P < 0.05 was accepted as
significant.

Results

Weight gain, lipid profile and OGTT

The high-fat-fed mice exhibited a significant increase in body
weight and epididymal fat compared with the mice receiving
standard chow diet (Table 1). The obese mice presented
increased serum levels of TC and LDL compared to the lean
mice, but no significant differences in TGs and HDL levels
between both groups were found (Table 1). Fasting glucose
levels were not significantly different between the obese and
lean mice (1979 = 374 and 1522 + 226 mg-L™, respectively;
n = 5-7). However, the OGTT showed that glucose levels
remained increased up to 120 min after glucose consumption
in the obese mice, while glucose levels in the lean mice
returned to basal level at 60 min after the glucose load (two-
way ANOVA, F = 18.66, P < 0.0001; Figure 1).

Cell counts in BAL fluid

The cells in BAL fluid from the non-sensitized mice chal-
lenged with PBS were >99% mononuclear cells in the lean and
obese groups, as assessed from 24 to 96 h thereafter (data not
shown, n = §5). In the non-sensitized mice challenged with
ovalbumin, leukocytes in BAL fluid consisted mainly of
mononuclear cells, with few neutrophils detected only at 24 h
(16 and 11% for the lean and obese groups, respectively; n =
5). Similarly, in the ovalbumin-sensitized mice challenged
with PBS, leukocytes in BAL fluid consisted of mononuclear
cells, with few neutrophils (9.4 and 17% for the lean and
obese groups, respectively; n = 4-5). There were virtually no
eosinophils in both of these control groups (non-sensitized

Table 1 Effect of a high-fat diet on mice anthropometric and lipid
profiles

Control Obese
Body weight (g) 28.5 +0.32 39.2 = 0.36*
Epididymal fat (g) 0.3 = 0.01 1.5 + 0.08*
TC (mg-L™") 983 + 40 1472 + 55*
LDL (mg-L™") 321 £ 41 693 + 83*
HDL (mg-L™) 548 + 7 596 * 35
TGs (mg-L™) 769 £ 15 719 = 52

Male C57BL6/) mice were fed with either a standard chow diet (control) or a
high-fat diet (obese) during 10 weeks. Body weight, epididymal fat weight and
serum levels of TC, LDL, HDL and TGs were evaluated. Values represent means
+ SEM animal for n = 5. *P < 0.05 compared with the control group.
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Figure 1 Effect of a 10 week high-fat diet or standard rodent chow
diet on OGTT. The values represent means + SEM for n = 5-7. *P <
0.0001 compared with respective baseline (time zero).
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Figure 2 The effects of obesity on the number of total inflammatory
cells (A) and eosinophils (B) in BAL fluid at 24, 48 and 72 h following
intranasal challenge with ovalbumin in the sensitized mice. Each
column represents the mean = SEM (n = 7) for sensitized lean (SL)
and sensitized obese (SO) mice. *P < 0.05 compared with the respec-
tive lean group (SL).

challenged with ovalbumin or ovalbumin-sensitized chal-
lenged with PBS), regardless of the time of measurement.
Ovalbumin challenge in the sensitized mice caused a sig-
nificant increase in the number of total inflammatory cells
(Figure 2A), and eosinophils (Figure 2B) in BAL fluid of both
the lean and obese groups at 24, 48 and 72 h post-ovalbumin
challenge, indicating the efficacy of the sensitization and
challenge procedure. In the obese mice, the counts of total
inflammatory cells in BAL fluid were significantly lower at 24
and 48 h post-ovalbumin challenge compared with the lean
mice (Figure 2A). The counts of eosinophils in BAL fluid of the
obese mice were also significantly lower at 24 and 48 h post-
ovalbumin challenge compared with the lean mice (P < 0.05).
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Figure 3 The effects of obesity on the number of total inflammatory
cells (A) and eosinophils (B) in lung connective tissue surrounding the
bronchial and bronchiolar segments at 48 and 72 h following intra-
nasal challenge with ovalbumin in the sensitized mice. A control
group of non-sensitized lean and obese mice challenged with oval-
bumin (NSL and NSO, respectively) is also included (data from the
non-sensitized mice at 48 and 72 h groups have been pooled). Each
column represents mean = SEM of the number of cells mm2 for
non-sensitized (NS), sensitized lean (SL) and sensitized obese (SO)
mice. *P < 0.05 compared with the respective control group (SL).

On the contrary, at 72 h, the eosinophil count in BAL fluid of
the obese mice was about 65% higher (P < 0.05) than those of
the lean mice (Figure 2B).

Lung histology

The lung histology of both non-sensitized and sensitized mice
was performed at 48 and 72 h post-ovalbumin challenge.
Histological examination of the lungs from the non-
sensitized mice challenged with PBS showed normal tissue,
with no inflammatory cells throughout pulmonary paren-
chyma and stroma, as observed in both the lean and obese
mice. In the non-sensitized mice challenged with ovalbumin,
this picture of pulmonary histology in the lean and obese
animals was also observed (Figure 3A and B). The ovalbumin
challenge in the sensitized lean mice produced a significant
influx of total inflammatory cells (Figure 3A) and eosinophils
(Figure 3B) into the connective tissue surrounding the bron-
chial and bronchiolar segments at both 48 and 72 h.
However, in the sensitized obese mice, the total cell influx in
response to ovalbumin challenge was about 2.3- and 2.1-fold
higher than that of the lean mice at 48 and 72 h, respectively
(Figure 3A). Similarly, the peribronchiolar eosinophil influx
in response to ovalbumin challenge was markedly higher in
the sensitized obese mice at both 48 h (about 5.3-fold) and
72 h (about 2.7-fold) compared with the sensitized lean mice
(Figure 3B). Histology sections of connective tissue surround-
ing the bronchial and bronchiolar segments in all groups are
shown in Figure 4.

Bone marrow and peripheral blood eosinophil counts
In the non-sensitized mice, challenge with ovalbumin
induced no alterations in the pattern of immature and mature
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Figure 4 Representative high-power fields of bronchiolar structures from the following groups: non-sensitized (NS), NS obese (NSO),
ovalbumin-sensitized lean (SL 48 and 72 h), ovalbumin-sensitized obese (SO 48 and 72 h), all after ovalbumin challenge. The mice lungs
display variable degrees of peri-bronchiolar inflammation with greater magnitude in the ovalbumin-sensitized obese groups compared with the
respective lean groups (n = 6). Haematoxylin—eosin, high magnification (bar represents 35 um).

Table 2 Number of mature and immature eosinophils in bone marrow (10° cells mL™") of the non-sensitized mice challenged with ovalbumin

at 24, 48 and 72 h post-injection

Group 24 h 48 h 72 h
Mature eosinophils NSC 0.05 £ 0.02 0.10 = 0.04 0.12 = 0.04

NSO 0.06 + 0.03 0.15 + 0.08 0.14 + 0.06
Immature eosinophils NSC 0.03 £ 0.02 0.06 = 0.04 0.09 = 0.05

NSO 0.02 + 0.02 0.12 + 0.08 0.10 + 0.05

Values represent the mean + SEM (n = 5 each group).
NSC, non-sensitized, control (lean); NSO, non-sensitized, obese.

eosinophil counts in the bone marrow of the lean and obese
mice, as evaluated at 24-96 h after challenge (n = 5 each;
Table 2).

The intranasal challenge with ovalbumin in the sensitized
mice significantly elevated the number of immature and
mature forms of eosinophils in bone marrow, as expected
(Figure 5). At 24 h post-ovalbumin challenge, the number of
mature and immature forms of eosinophils was significantly
lower in the obese mice than in the lean animals (Figure 5).
However, at 48 h, the ovalbumin-challenged mice showed a

markedly higher number of immature and mature eosino-
phils in the obese mice (about 3.5- and 11.0-fold, respectively)
when compared with the ovalbumin-challenged lean mice. At
72 h post-ovalbumin challenge, the number of mature eosi-
nophils (but not immature cells) was also higher (approxi-
mately twofold) in bone marrow of the obese group than in
the lean mice (Figure 5).

In peripheral blood, the counts of eosinophils at 48 and 72 h
post-ovalbumin challenge did not significantly differ between
the lean and obese sensitized groups (not shown; n =35).

British Journal of Pharmacology (2010) 159 617-625
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Figure 5 The effects of obesity on the counts of mature (A) and
immature eosinophils (B) in bone marrow at 24, 48 and 72 h follow-
ing intranasal challenge with ovalbumin in the sensitized mice. Each
column represents the mean = SEM (n = 7 each group) for
ovalbumin-sensitized lean (SL) and ovalbumin-sensitized obese (SO)
mice. *P < 0.05 compared with the respective SL group.

Cytokine levels in BAL fluid

The levels of IL-5, eotaxin, TNF-q, IL-10 and IL-6 in BAL fluid
of the sensitized lean and obese mice were measured at 48 and
72 h post-ovalbumin challenge. The levels of IL-5, eotaxin,
TNF-o and IL-10 were largely higher in the obese mice at 48
and 72 h post-ovalbumin challenge compared with those at
the corresponding times in the lean mice (Figure 6). The IL-6
levels in the obese mice were lower at 48 h, but were increased
at 72 h compared with the lean mice (Figure 6).

Serum levels of leptin and adiponectin

The serum levels of leptin in the sensitized obese mice were
markedly higher than in the sensitized lean mice at both 48
and 72 h post-ovalbumin challenge. In contrast, the serum
adiponectin levels in the obese mice were significantly lower
than the lean group (Figure 7).

Discussion and conclusions

The current study carried out in high-fat-diet-fed mice
showed that diet-induced obesity enhanced eosinophil traf-
ficking from bone marrow to pulmonary tissue, and delayed
the eosinophil transit into the airway lumen, allowing these
cells to remain longer in the connective tissue surrounding
the bronchial and bronchiolar segments of the lung.
Human obesity is mostly derived from consumption of
high-fat diets combined with low expenditure of energy
(Galgani and Ravussin, 2008). Different mouse strains fed
with diets rich in fat have been used as a model of obesity, but
C57BL/6] mice are reported to be particularly sensitive to the
effects of a high-fat diet (Surwit et al., 1995; Ikemoto et al.,
1996). Accordingly, in our present study, C57BL/6] mice fed
with a high-fat diet for 10 weeks developed obesity, as shown
by the increase in body weight and epididymal fat mass,
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Figure 6 Effects of obesity on the levels of IL-5 (A), eotaxin (B),
TNF-o (C), IL-6 (D) and IL-10 (E) in BAL fluid at 48 and 72 h following
intranasal instillation of ovalbumin in previously sensitized mice. Each
column represents the mean = SEM (n = 5 each group) for
ovalbumin-sensitized lean (SL) and ovalbumin-sensitized obese (SO)
mice. *P < 0.05 compared with the respective SL group.
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accompanied by increased serum levels of TC and LDL cho-
lesterol. Additionally, in the obese mice, the OGTT showed
that the glucose levels remained increased at 60 and 120 min
after glucose consumption, indicating impaired glucose toler-
ance and a potential pre-diabetic state in these obese animals
(Gallou-Kabani et al., 2007).

Adipose tissue has been considered as an endocrine organ
releasing several substances, including the adipokines adi-
ponectin and leptin (Tilg and Moschen, 2006). Low plasma
levels of the anti-inflammatory factor adiponectin characterize
obesity and insulin resistance (Ouchi et al., 2003; Fantuzzi,
2005). Exogenous adiponectin administration reduced airway
hyper-responsiveness and inflaimmation in mice (Shore
and Johnston, 2006). A recent study also showed that
adiponectin-deficient mice (APN™") exhibit greater accumula-
tion of eosinophils and monocytes in the airways associated
with elevated lung chemokine levels (Medoff et al., 2009). In
contrast to adiponectin, elevated levels of the pro-
inflammatory hormone leptin are reported to be crucial in
connecting obesity to allergic airway inflammation (Shore
et al., 2005). Airway hyper-responsiveness and inflammation
were both enhanced in 0ob/ob and db/db mice (Shore et al., 2003;
Rivera-Sanchez et al., 2004; Lu et al., 2006), as well as in car-
boxypeptidase E mutant fat mice exposed to ozone (Johnston
et al., 2006). Higher leptin (and lower adiponectin) levels in
serum of obese mice have been found in our study, reinforcing
the suitability of this murine model to further our understand-
ing of the pathophysiology of asthma in human obesity.

It is well established that allergen exposure in rodent
models and humans leads to the recruitment of eosinophils
into tissues, which is followed by the appearance of intralu-
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minal eosinophils in the BAL fluid. Although eosinophils
within the lumina of airways are reported to exert important
functions (Shi et al., 2000), most studies have focused on the
mechanisms contributing to eosinophil trafficking that cul-
minates in eosinophil chemotaxis through the airway epithe-
lium into the airway lumen (Rosenberg et al., 2007). In the
pulmonary tissue, eosinophils possess effector functions in
promoting the pathogenesis of airway diseases via the release
of cationic granule proteins and a number of inflammatory
mediators, which has been correlated with CD4+ T cells and
production of Th2-cytokines and chemokines (Gleich et al.,
1987; Hogan et al., 2008).

In our study, ovalbumin challenge in the sensitized lean
mice markedly increased the eosinophil counts in peribronchi-
olar regions and BAL fluid that peaked at 48 h post-challenge,
indicating the efficacy of the ovalbumin sensitization and
challenge procedure. In the obese mice, the eosinophil number
was significantly lower in BAL fluid at 48 h post-ovalbumin
challenge compared with the lean animals; in contrast, a
marked peribronchiolar eosinophil accumulation was seen at
both 48 and 72 h post-ovalbumin challenge. These findings
strongly suggest that eosinophil transit through the airway
epithelium into the lumen is largely impaired in the allergic
obese mice. Interestingly, ovalbumin challenge in female
C57BL/6] mice fed with isocaloric high-saturated-fat diet that
do not develop obesity actually reduced airway eosinophilia,
indicating that a high-fat content in the diet per se does not
predispose towards allergic inflammation (de Vries etal.,
2009). Besides using non-obese female mice, de Vries et al.
performed different strategies of ovalbumin challenge, that is,
they carried out functional analysis on the seventh day after
the first ovalbumin challenge, whereas in the present study we
have measured eosinophil recruitment within 3 days after the
first ovalbumin challenge.

It is well established that bone marrow plays a pivotal role
in allergic inflammatory responses (Wood et al., 2002). Eosi-
nophils are derived in the bone marrow from myeloid precur-
sors in response to cytokine activation, and, following
antigen challenge, they are released into the circulation and
recruited to tissues. Several pathways have been implicated in
this process, including stimulation of resident bone marrow
cells, release of allergen-induced haematopoietic growth
factors and cell trafficking (Mohle et al., 1997). In our study,
the ovalbumin sensitization markedly increased the mature
and immature forms of eosinophils in the bone marrow of the
control mice, which is in agreement with previous studies
carried out in ovalbumin-challenged mice (Chin et al., 1998)
and asthmatic subjects exposed to antigen inhalation (Wood
etal., 1998). In the obese mice, the bone marrow eosinophil
counts were markedly higher than that of the lean mice,
about 3- and 10-fold for immature and mature eosinophils
respectively. Interestingly, such increases in bone marrow
eosinophil production in the obese mice were detected at 48 h
post-ovalbumin challenge, a time by which a marked eosino-
phil accumulation was seen in the bronchiolar structures,
achieving maximal accumulation at 72 h. The higher eosino-
phil production by bone marrow in the obese mice is likely to
reflect an accelerated dynamic of the eosinophil lineage (bone
marrow — blood — lung), thus providing a more sustained
eosinophil trafficking to enter the lung tissues, before crossing
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the airway epithelium to reach the lumen. This reinforces the
concept that communications between lung and bone
marrow play an important role in the pathogenesis of
allergen-induced asthmatic responses (Kung et al., 1994; Li
et al., 2005), and that this communication in obese state may
be more effective. Unexpectedly, we did not detect statistical
differences in blood eosinophilia between the lean and obese
mice at any time analysed; however, it is possible that the
blood eosinophilia may be different at some time between 24
and 48 h post-ovalbumin challenge.

IL-5 is a central factor mediating eosinophil expansion,
priming, recruitment and prolonged tissue survival in response
to allergic stimuli at the level of bone marrow, blood and tissue
(Rosenberg et al., 2007). Moreover, eotaxin plays important
roles in attracting eosinophils into inflammatory sites via the
chemokine receptor CCR-3 (Pease and Williams, 2006).
Increased circulating levels of eotaxin and mRNA eotaxin
expression in visceral adipose tissue have been shown in obese
mice and humans (Vasudevan et al., 2006). In our study, the
IL-5 levels in BAL fluid of the obese mice were markedly higher
at48 h, peakingat 72 h post-ovalbumin challenge, in compari-
son with the lean mice. The eotaxin levels in BAL fluid were
also higher in the obese mice, suggesting that eotaxin, along
with IL-5, plays important roles in enhancing the attraction of
eosinophils into the airways and in prolonging their survival
into the lung parenchyma of obese individuals. In agreement
with this, earlier studies have shown that eosinophil priming
with IL-5 synergized with eotaxin to allow transendothelial
migration, possibly via a change in the affinity of VLA-4 in
responding leukocytes (Lamkhioued et al., 1997; Mould et al.,
1997; Palframan et al., 1998).

The TNF-a levels in BAL fluid of the obese mice were also
higher than in the lean mice at 48 h, peaking at 72 h post-
ovalbumin challenge. This is consistent with studies showing
that TNF-o exerts immunoregulatory activities and can switch
the immune system towards a Th2 cytokine profile (Nakae
et al., 2007). The systemic and lung TNF-o levels are increased
in allergic animals and patients with bronchial asthma (Kips
et al., 1993; Brightling et al., 2008). Moreover, the TNF-o. sig-
nalling pathway seems to be a common feature to both
obesity and asthma, and may undergo up-regulation by the
presence of both conditions (MacEwan, 2002; Weiss, 2005).
Of interest, TNF-a: induces the synthesis of eotaxin in several
cell types, including human eosinophils (Wong et al., 2002).

IL-6 is secreted by cells of the innate immune system and
induces the expansion of the Th2 effector cells. This cytokine
influences different aspects of the immune response, espe-
cially under pathological conditions. IL-6 can bind to soluble
or membrane-bound IL-6R, inducing cell proliferation and
controlling Th2 cells in the lung (Doganci et al., 2005). In the
present study, IL-6 levels in BAL fluid of the lean mice peaked
at 48 h post-ovalbumin challenge decaying to basal levels at
72 h; on the contrary, in the obese mice, the IL-6 levels
steadily increased from 48 to 72 h. This is consistent with an
earlier study showing that ozone exposure in IL-6-deficient
mice produced lower levels of inflammatory markers such as
levels of soluble TNFR1 and TNFR2 in BAL fluid (Johnston
et al., 2005). Additionally, in a diet-induced obesity model,
ozone exposure increased the IL-6 levels in BAL fluid at 4 h
post-exposure (Johnston et al., 2007).
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IL-10 is a major anti-inflammatory cytokine that plays a
crucial role in the regulation of the immune system (Moore
et al., 2001). Our data from IL-10 measurements in BAL fluid
showed a time-dependent increase in the obese mice (48 and
72 h post-ovalbumin challenge) compared with respective
lean groups. It is likely therefore that IL-10 acts as a compen-
satory mechanism, down-regulating the inflammatory state
seen in the obese mice. However, it should be recognized that
any correlation between IL-10 production and obesity is
complex and not yet fully elucidated (Moore et al., 2001;
Esposito et al., 2003).

In summary, diet-induced obesity enhanced eosinophil
trafficking from bone marrow to lung tissues, and delayed
eosinophil transit into the airway lumen, allowing these cells
to remain longer in the peribronchiolar structures of the lung.
Taking into consideration that obesity has increasingly been
recognized as a low-grade chronic inflammation that may
precede asthma, it is plausible that the resulting pulmonary
inflammation observed in the obese mice is a consequence
of overproduction of Tyl/Ty2 cytokines, chemokines and
adipokines.
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