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Rationale: Epidemiologic data indicate an increased incidence of
asthma in the obese.
Objectives: To determine whether obese mice exhibit augmented
pulmonary responses after allergen sensitization and challenge.
Methods: Lean, wild-type (C57BL/6), obese ob/ob, and obese db/db
mice were sensitized to ovalbumin (OVA), and then challenged with
aerosolized OVA or phosphate-buffered saline (PBS). Changes in
total pulmonary resistance (RL) induced by intravenous methacho-
line were measured by forced oscillation. Blood was collected,
bronchoalveolar lavage (BAL) was performed, and lungs were har-
vested for measurement of cytokine expression by real-time reverse
transcription–polymerase chain reaction.
Measurements and Main Results: OVA challenge increased baseline RL

in ob/ob, but not wild-type, mice, and airway responsiveness was
greater in ob/ob than wild-type mice, regardless of the challenge.
Compared with PBS, OVA challenge caused an increase in the
number of BAL fluid (BALF) cells, an increase in lung Th2 cytokine
expression, and an increase in serum IgE. Significantly fewer BALF
cells were recovered from OVA-challenged ob/ob versus wild-type
mice, whereas serum IgE levels were elevated significantly more in
ob/ob versus wild-type mice. BALF and lung Th2 cytokine expression
was not different in ob/ob versus wild-type mice. Airway responsive-
ness was greater in db/db versus wild-type mice, regardless of the
challenge, and OVA caused airway hyperresponsiveness in db/db but
not wild-type mice, despite reduced BALF cells in OVA-challenged
db/db versus wild-type mice.
Conclusions: These results demonstrate that obesity enhances OVA-
induced changes in pulmonary resistance and serum IgE and that these
changes are not the result of increased Th2 type airway inflammation.
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Obesity and asthma are both important public health issues.
Epidemiologic data indicate an association between obesity and
asthma (1–4). It is likely that the relationship between obesity
and asthma is a causal one. Longitudinal studies indicate that
obesity antedates asthma and that the relative risk of incident
asthma increases with increasing body mass index (5–8). In ad-
dition, obese persons with asthma studied after weight loss dem-
onstrate decreased severity and symptoms of asthma (9–12).
Obesity may be particularly important for severe asthma because
more than 75% of individuals visiting the emergency room for
asthma are obese or overweight (13).

We have recently reported that innate airway hyperrespon-
siveness (AHR) was observed in mice that were obese as a
result of a genetic deficiency in leptin, a satiety hormone (ob/ob
mice) (14, 15); in mice obese because of a genetic deficiency in
the long form of the leptin receptor (db/db mice) (16); and in
mice obese due to a genetic deficiency in carboxypeptidase E
(Cpe) (17), an enzyme involved in processing prohormones and
proneuropeptides involved in satiety and energy expenditure
(Cpefat mice) (18). In addition, inhalation of ozone (O3), a com-
mon environmental pollutant and an asthma trigger (19, 20),
augments airway responsiveness and pulmonary inflammation
to a greater extent in obese versus lean mice (14–17). Because
innate AHR and augmented pulmonary responses to O3 are
observed regardless of the modality of obesity induction (14–
17), this suggests that obese mice may be useful tools to enhance
our understanding of the relationship between obesity and asthma.

Several epidemiologic studies have reported an increased
risk of atopy in the overweight and/or obese (6, 21–23), al-
though these observations have not been consistent (24, 25).
Nevertheless, because atopy is an important risk factor for the
development of asthma, it is plausible that allergic airway re-
sponses could be enhanced in the overweight and/or obese.
Therefore, the purpose of this study was to determine whether
pulmonary responses to allergen are also augmented in obese
versus lean mice. To that end, we sensitized lean, wild-type, and
obese ob/ob mice with ovalbumin (OVA). Four weeks after the
initial OVA sensitization, the mice were challenged with aerosols
of either phosphate-buffered saline (PBS) or OVA. Baseline
pulmonary resistance (RL) and airway responsiveness to intra-
venous methacholine were measured, blood was collected and
serum isolated for measurement of IgE and markers of systemic
inflammation, bronchoalveolar lavage (BAL) was performed
for cytokine/chemokine analysis, and lungs were either har-
vested for RNA extraction or fixed in situ for histologic analysis.
To determine if obesity-related changes in pulmonary responses
to OVA sensitization and challenge were dependent on the
modality of obesity induction, similar experiments were per-
formed in obese db/db mice and their lean, wild-type controls.

Some of the results of this study have been previously
reported in the form of abstracts (26, 27).

AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Obesity is a risk factor for the development of asthma.
However, the mechanistic basis for this relationship is not
known.

What This Study Adds to the Field

Obese mice exhibit enhanced airway responsiveness to
methacholine and augmented IgE production and/or re-
lease following allergen sensitization and challenge.
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METHODS

Animals

This study was approved by the Harvard Medical Area Standing Com-
mittee on Animals. Obese ob/ob and db/db mice were purchased from
the Jackson Laboratory (Bar Harbor, ME). Age- and sex-matched
wild-type control mice were purchased at the same time. Because both
ob/ob and db/db mice were on a C57BL/6J background, wild-type
C57BL/6J mice were used as controls.

Allergen Sensitization and Challenge

Wild-type and ob/ob mice were sensitized to chicken egg albumin (OVA,
grade V; Sigma-Aldrich Co., St. Louis, MO) on Days 0 and 14 by
an intraperitoneal injection of 20 mg of OVA and adjuvant, 2 mg of
aluminum hydroxide (J.T. Baker, Phillipsburg, NJ) dispersed in 0.2 ml
of PBS. On Days 28 through 34, mice were challenged for 30 minutes
with an aerosol of either PBS containing 6% OVA (weight/volume) or
PBS as previously described (28). Mice were studied 24 hours after the
last aerosol challenge. Because we did not observe increases in airway
responsiveness in wild-type mice challenged in this manner, we used
the same sensitization but a different challenge protocol in our study
with db/db mice. Challenge of db/db mice and their controls was per-
formed using 1% rather than 6% solutions of OVA for aerosolization.
We also challenged the mice for only 3 days (Days 28, 29, and 30), and
we studied the mice at 48 hours rather than 24 hours after the last
aerosol challenge.

Measurement of Airway Responsiveness

Mice were anesthetized, instrumented for mechanical ventilation and
ventilated with a specialized ventilator (flexiVent; SCIREQ, Inc., Mon-
treal, PQ, Canada) that uses forced oscillation to measure pulmonary
mechanics, as previously described (14, 15, 29). The animals were stud-
ied open-chested, at a fixed positive end-expiratory pressure (3 cm H2O).
Dose–response curves to intravenously administered methacholine
were then obtained as reported previously (15, 16).

Blood Collection and BAL

Mice were killed with an overdose of pentobarbital sodium. Blood was
drawn, and serum was isolated and stored at 2208C. BAL was per-
formed and the BAL fluid (BALF) cells and differentials were counted
as described previously (30). BALF supernatant was stored at 2808C.
BALF and/or serum was subsequently analyzed by ELISA for eotaxin,
IgE, IL-4, IL-5, IL-13, and soluble tumor necrosis factor receptors 1
and 2 (sTNFR1 and sTNFR2) (BD Biosciences, San Jose, CA, for IgE;
R&D Systems, Inc., Minneapolis, MN, for all others). The levels of
sTNFR1 and sTNFR2 were measured in the serum of wild-type and
obese mice. Both of these soluble cytokine receptors are markers of
systemic inflammation (31, 32), a condition that is manifest in both
obese humans and mice (16, 31–35).

RNA Extraction and Real-Time Reverse Transcription–Poly-

merase Chain Reaction

RNA was extracted from lung tissue and real-time reverse transcrip-
tion–polymerase chain reaction (RT-PCR) was performed as described
previously (28). Primer sets and product sizes for murine IL-4, IL-5, IL-
13, and b-actin have been reported previously (28, 30). Primer sets and
product sizes for IFN-g and acidic mammalian chitinase (AMCase)
were as follows: IFN-g (forward 59-TCA AGT GGC ATA GAT GTG
GAA GAA-39 and reverse 59-TGG CTC TGC AGG ATT TTC ATG-
39 [92 bp]); AMCase (forward 59-TGG ACA CAC CTT CAT CCT
GA-39 and reverse 59-AAC AAG CCC TGC TTG ACA AT-39 [586
bp]). Changes in lung cytokine mRNA transcript copy number were
assessed relative to changes in b-actin mRNA transcript copy number.

Histologic Examination of Lung Tissue

After BAL, lungs were fixed in situ with 10% formalin (J.T. Baker) at
a pressure of 23 cm H2O. The lungs were then embedded with paraffin,
cut into 5- to 6-mm sections, and stained with hematoxylin and eosin.
Sections were examined blindly under light microscopy to determine
the inflammation score, a product of the severity and prevalence of

inflammation, as described by Hamada and colleagues (36). Severity
was assigned a numerical value based on the number of inflammatory
cell infiltrate layers around the airways and blood vessels (0, no cells;
1, <3 cell layers; 2, 4–9 cell layers; 3, >10 cell layers). The prevalence
of inflammation was assigned a numerical value according to the
percentage of airways and blood vessels in each section encompassed
by inflammatory cells (0, no airways; 1, <25%; 2, 25–50%; 3, .50%).
In addition, separate sections from the same animals were subjected to
the periodic acid-Schiff reaction to identify the prevalence of carbohy-
drates and mucoproteins. In this instance, prevalence was assigned
based on the aforementioned criteria used to determine the prevalence
of inflammation.

Statistical Analysis

Serum eotaxin, sTNFR1, sTNFR2, and total blood leukocytes were
analyzed by an unpaired Student t test. All other data were analyzed by
analysis of variance (ANOVA) or factorial ANOVA using Statistica
software (StatSoft, Tulsa, OK). For BALF cell counts and cytokine
mRNA expression, data were logarithmically transformed before anal-
ysis because untransformed data were not normally distributed. A
P value of less than 0.05 was considered statistically significant.

RESULTS

Baseline RL and Airway Responsiveness to

Methacholine in ob/ob Mice

The total body mass of ob/ob mice was substantially greater
than that of age- and sex-matched wild-type C57BL/6 mice
(54.8 6 0.7 and 21.6 6 0.4 g, respectively). ANOVA indicated a
significant effect of treatment group on baseline RL (P , 0.05).
Compared with PBS challenge, OVA challenge resulted in a sig-
nificant increase in baseline RL in ob/ob mice (0.88 6 0.04 and
0.75 6 0.02 cm H2O/ml/s in OVA- and PBS-challenged mice,
respectively; P , 0.05). In contrast, there was no effect of OVA
challenge on baseline RL in wild-type mice (0.73 6 0.05 and
0.72 6 0.06 cm H2O/ml/s in OVA- and PBS-challenged mice,
respectively).

Intravenous administration of methacholine resulted in robust
increases in RL (Figure 1). For all concentrations of methacho-
line greater than 0.03 mg/ml, ob/ob mice had significantly greater
responses to methacholine than wild-type mice regardless of
whether the mice were treated with aerosolized PBS or OVA.
There was no significant effect of OVA on airway responsive-
ness in wild-type mice. In ob/ob mice, RL was greater in OVA-
challenged versus PBS-challenged mice at 0.03 and 3 mg/ml but
not at other concentrations of methacholine.

Serum IgE after OVA Challenge in ob/ob Mice

In PBS-challenged mice, there was no difference in total serum
IgE between wild-type and ob/ob mice. OVA challenge caused
a significant increase in serum IgE in wild-type and ob/ob mice
(P , 0.01). The magnitude of the effect of OVA challenge
depended on genotype such that ob/ob mice had greater total
serum IgE after OVA challenge than wild-type mice (Figure 2).

BALF Cell Profile and Histopathology after

OVA Challenge in ob/ob Mice

Factorial ANOVA indicated a significant effect of OVA chal-
lenge on all BALF cell types (P , 0.01 in each case; Figure 3).
There was also a significant effect of genotype on BALF macro-
phages (P , 0.01), eosinophils (P , 0.01), and lymphocytes
(P , 0.02), but no effect on BALF neutrophils, such that after
OVA challenge, cell numbers were higher in wild-type than in
ob/ob mice.

To determine whether the differences we observed in the BALF
inflammatory cell profile between wild-type and ob/ob mice were
also observed in the lung tissue, we performed histopathologic
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analysis on sections of lung tissue from PBS- and OVA-
challenged wild-type and ob/ob mice. Representative hematox-
ylin-and-eosin–stained histologic lung sections are shown in
Figures 4A–4D to illustrate the differences in pulmonary in-
flammation between PBS- and OVA-challenged wild-type and
ob/ob mice. Compared with PBS challenge, OVA increased the
inflammation score in both wild-type and ob/ob mice (Figure
4E). However, the inflammation score was significantly greater
in wild-type versus ob/ob mice after OVA challenge, consistent
with the BALF cell data. In addition, we determined the pre-
valence of carbohydrates and mucoproteins in the lung tissue of

these same animals (Figure 4F). Although OVA challenge sig-
nificantly increased carbohydrate and mucoprotein staining in
the lungs of both wild-type and ob/ob mice when compared with
their genotype-matched, PBS-challenged controls, there were
no differences in the degree of staining between genotypes after
OVA challenge.

BALF Cytokine/Chemokine Profile and Lung Tissue Cytokine

mRNA Expression after OVA Challenge in ob/ob Mice

Compared with PBS challenge, OVA challenge caused a signif-
icant increase in the BALF concentrations of both IL-4 and IL-
13 (Figures 5A and 5B). However, there was no significant
effect of genotype on BALF IL-4 or IL-13 and no interaction
between genotype and challenge. Compared with PBS challenge,
OVA challenge significantly increased BALF eotaxin in ob/ob
but not wild-type mice, and BALF eotaxin concentrations were
greater in OVA-challenged ob/ob versus wild-type mice (Figure
5C). IL-5 was undetectable in the BALF of wild-type and ob/ob
mice challenged with either PBS or OVA (data not shown).

To examine cytokine expression in lung tissue, we measured
lung IL-4, IL-5, IL-13, and IFN-g mRNA transcript copy number
by real-time RT-PCR (Figure 6) and normalized expression of
each of these genes by b-actin mRNA transcript copy number.
Compared with PBS challenge, OVA challenge caused a signif-
icant increase in the mRNA expression of IL-4, IL-13, and IFN-
g (P , 0.05 in each cases); however, there was no effect of geno-
type on gene expression and no interaction between genotype
and challenge. Although there were no obesity-related changes
in IL-4 and IL-13 expression, we wished to determine whether
there were differences in the downstream effects of IL-4 and IL-
13 signaling in the lungs of ob/ob mice that may explain the en-
hanced effect of OVA challenge on changes in airway respon-
siveness and serum IgE in these mice. Therefore, we examined

Figure 2. Concentration of total IgE in the serum of ovalbumin (OVA)-

sensitized wild-type (C57BL/6) and ob/ob mice challenged with

aerosols of either phosphate-buffered saline (PBS) or OVA once per

day for 7 consecutive days. Blood was collected and serum was isolated
24 hours after the cessation of the final aerosol challenge. n 5 6–10

mice for each group. Solid bars, wild-type; open bars, ob/ob. *P , 0.05

compared with genotype-matched, PBS-challenged controls. #P ,

0.05 compared with wild-type (C57BL/6) mice with an identical
exposure.

Figure 3. Total number of (A) macrophages, (B) eosinophils, (C )

lymphocytes, and (D) neutrophils in the bronchoalveolar lavage fluid
(BALF) of ovalbumin (OVA)-sensitized wild-type (C57BL/6) and ob/ob

mice challenged with aerosols of either phosphate-buffered saline (PBS)

or OVA once per day for 7 consecutive days. BALF was collected 24
hours after the cessation of the final aerosol challenge. n 5 10–14 mice

for each group. Solid bars, wild-type; open bars, ob/ob. *P , 0.05

compared with genotype-matched, PBS-challenged controls; #P ,

0.05 compared with wild-type (C57BL/6) mice with an identical
exposure.

Figure 1. Changes in pulmonary resistance (RL) induced by intrave-
nous methacholine in ovalbumin (OVA)-sensitized wild-type (C57BL/6)

and ob/ob mice challenged with aerosols of either phosphate-buffered

saline (PBS) or OVA once per day for 7 consecutive days. Responses

were measured 24 hours after the cessation of the final aerosol chal-
lenge. n 5 9–10 mice for each group. Solid circles, wild-type (PBS); solid

squares, wild-type (OVA); open circles, ob/ob (PBS); open squares, ob/ob

(OVA). *P , 0.05 compared with wild-type (C57BL/6) mice with an

identical exposure; #P , 0.05 compared with genotype-matched, PBS-
challenged controls.
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the pulmonary expression of AMCase, which promotes allergen-
induced AHR in mice and whose expression is IL-13 dependent
(37). Compared with PBS challenge, OVA challenge increased
AMCase expression, but the magnitude of the increase was not
different between wild-type and ob/ob mice (Figure 6E).

Effect of Obesity on Systemic Markers of Inflammation

In both humans and mice, obesity is associated with chronic, low-
grade systemic inflammation characterized by increases in the
serum concentrations of cytokines, soluble cytokine receptors,
chemokines, and acute-phase proteins as well as the number of
blood leukocytes (16, 17, 31, 35, 38–41). To assess systemic in-
flammation in ob/ob versus wild-type mice, we measured the
serum levels of eotaxin, sTNFR1, and sTNFR2 by ELISA and
enumerated the total number of blood leukocytes from mice of
both genotypes challenged with PBS. Eotaxin, sTNFR1, and
sTNFR2 were significantly increased in serum from ob/ob com-
pared with wild-type mice (Figure 7). There were no differences

in the total number of blood leukocytes between wild-type and
ob/ob mice.

Responses to OVA in db/db Mice

Because our data indicated only very limited effects of OVA on
airway responsiveness (Figure 1) and because the ability of OVA
to induce AHR in C57BL/6 mice can vary with the precise nature
of the OVA-challenge protocol (42), we repeated a limited
number of experiments using a different aerosol challenge pro-
tocol involving a lower concentration of OVA and fewer chal-
lenge days, which has been shown by others to elicit significant
increases in airway responsiveness to methacholine in wild-type
C57BL/6 mice (43, 44). These experiments were performed in
db/db mice, which have a phenotype very similar to that of ob/ob
mice. The db/db mice were substantially obese, weighing 47.6 6

1.5 g versus 25.3 6 0.5 g for age- and sex-matched wild-type
mice. Airway responsiveness to methacholine was significantly
greater in db/db than wild-type mice regardless of whether the

Figure 4. (A–D) Representative hematoxylin-and-eosin–

stained histologic sections, (E ) inflammation score, and (F )
periodic acid-Schiff (PAS) reaction prevalence of carbohy-

drates and mucoproteins from the lungs of ovalbumin

(OVA)-sensitized wild-type (C57BL/6) and ob/ob mice

challenged with aerosols of either phosphate-buffered
saline (PBS) or OVA once per day for 7 consecutive days.

A and B are sections from PBS-challenged wild-type and

ob/ob mice, respectively. C and D are sections from OVA-

challenged wild-type and ob/ob mice, respectively. Lungs
were fixed in situ with 10% formalin 24 hours after the

cessation of the final aerosol challenge. n 5 6–7 mice for

each group. Solid bars, wild-type; open bars, ob/ob. *P ,

0.05 compared with genotype-matched, PBS-challenged

controls; #P , 0.05 compared with wild-type (C57BL/6)

mice with an identical exposure.
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mice were challenged with PBS or with OVA (Figure 8A). Com-
pared with PBS challenge, OVA challenge caused a significant
increase in airway responsiveness in db/db mice. A similar trend
was observed in the wild-type mice, but it was smaller in mag-
nitude and did not reach statistical significance. We also mea-
sured dynamic compliance (Cdyn) in these mice. Baseline Cdyn
was significantly lower in db/db versus wild-type mice in both
PBS- and OVA-challenged animals (Figure 8B), consistent with
the smaller lungs of db/db mice (16). ANOVA indicated no effect
of OVA versus PBS challenge on Cdyn at any dose of meth-
acholine in either genotype.

For the cohort of db/db mice and their wild-type controls,
factorial ANOVA indicated a significant effect of OVA challenge
on all BALF cell types (P , 0.02 in each case; Figure 9). There
was also a significant effect of genotype on BALF eosinophils

(P , 0.05) and lymphocytes (P , 0.01), such that cell numbers
for these cell types were higher in OVA-challenged wild-type
versus OVA-challenged db/db mice.

DISCUSSION

Our results confirm previous observations of innate AHR in
obese mice (Figures 1 and 8). In addition, our results show that
OVA challenge caused changes in baseline RL and airway re-
sponsiveness to methacholine to a greater extent in obese than
wild-type mice (Figures 1 and 8). Serum IgE levels were also in-
creased to a greater extent in obese versus lean mice after OVA
challenge (Figure 2). These changes occurred despite the absence
of any differences in Th2 cytokine expression between obese
and lean mice (Figures 5 and 6) and in the face of decreased
inflammatory cell emigration to the lungs of the obese versus
lean mice (Figures 3, 4, and 9).

Airway responsiveness to methacholine was increased in ob/
ob and db/db mice compared with wild-type controls even in the
absence of OVA challenge (Figures 1 and 8). We have also
reported increased airway responsiveness in nonsensitized ob/
ob or db/db versus wild-type mice (15, 16), suggesting that this
innate AHR did not develop as a result of sensitization. As
previously discussed (15–17, 45, 46), this innate AHR is unlikely
to be related to the lower functional residual capacity and spon-
taneous tidal volumes extant in ob/ob and db/db mice, because
measurements of pulmonary mechanics were made with the chest
wall open and the mice artificially ventilated at the same tidal
volume and the same positive end-expiratory pressure. We can-
not rule out the possibility that breathing chronically at low lung
volume or low tidal volume results in remodeling of the airways
in such a manner as to promote AHR, or that there are devel-
opmental changes in the airways of ob/ob and db/db mice that
lead to AHR. However, as previously discussed, we favor the
hypothesis that this innate AHR may be related to chronic, low-
grade systemic inflammation. In obese humans, there are in-
creased serum concentrations of cytokines, cytokine receptors,
chemokines, and acute-phase proteins that correlate with the
presence of diseases common to obesity, including type II dia-
betes and atherosclerosis (33, 47–49). Our results (Figure 7) also
indicate increased serum concentrations of eotaxin, sTNFR1,
and sTNFR2 in ob/ob versus wild-type mice, supporting our
previous data showing increased markers of inflammation in the
serum of other types of obese mice (16, 17), and extending those
data to include increased serum eotaxin. Vasudevan and col-
leagues (41) have also shown increased serum eotaxin in mice
with diet-induced obesity. The relationship between airway in-
flammation and AHR is certainly complex, but it is conceivable

Figure 5. Concentration of total (A) IL-4, (B) IL-13, and (C ) eotaxin in
the bronchoalveolar lavage fluid (BALF) of ovalbumin (OVA)-sensitized

wild-type (C57BL/6) and ob/ob mice challenged with aerosols of either

phosphate-buffered saline (PBS) or OVA once per day for 7 consecutive

days. BALF was collected 24 hours after the cessation of the final aerosol
challenge. n 5 4–10 mice for each group. Solid bars, wild-type; open

bars, ob/ob. *P , 0.05 compared with genotype-matched, PBS-

challenged controls; #P , 0.05 compared with wild-type (C57BL/6)
mice with an identical exposure.

Figure 6. mRNA expression of (A) IL-4, (B) IL-5,

(C ) IL-13, (D) IFN-g, and (E ) acidic mammalian
chitinase (AMCase) in the lung tissue of oval-

bumin (OVA)-sensitized wild-type (C57BL/6)

and ob/ob mice challenged with aerosols of

either phosphate-buffered saline (PBS) or OVA
once per day for 7 consecutive days. Lung tissue

was collected 24 hours after the cessation of the

final aerosol challenge. mRNA transcript copy

number was normalized to b-actin transcript
copy number. n 5 4–10 mice for each group.

Solid bars, wild-type; open bars, ob/ob. *P ,

0.05 compared with genotype-matched, PBS-

challenged controls.
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that the AHR observed in PBS-challenged ob/ob and db/db mice
may be the result of this low-grade systemic inflammation. For
example, TNF-a, which is increased in the serum of obese mice
(39), has been shown to augment calcium fluxes and force de-
velopment in airway smooth muscle (50). Indeed, preliminary data
from our laboratory demonstrate that neutralization of TNF-a
with an anti–TNF-a antibody attenuates the innate AHR of obese
db/db and Cpefat mice (51).

Baseline pulmonary resistance increased in ob/ob but not
wild-type mice after OVA challenge. There was also an effect of
OVA on responses to some doses of methacholine in ob/ob but
not wild-type mice (Figure 1). As previously described, the ability
of OVA to induce AHR in C57BL/6 mice is quite variable and
depends on the exact challenge protocol used (42). When we
used a slightly different OVA-challenge protocol, we observed
OVA-induced AHR in db/db mice but not in wild-type controls
(Figure 8A). We also examined the impact of OVA challenge

on methacholine-induced changes in Cdyn in db/db and wild-
type mice. Baseline Cdyn was significantly lower in db/db versus
wild-type mice (Figure 8B), which is consistent with the smaller
lungs of db/db mice (16). However, there was no effect of OVA
challenge on methacholine-induced changes in Cdyn in either
genotype. These data suggest that the locus of the AHR ob-
served in db/db mice after OVA challenge is likely the airways
rather than the lung parenchyma.

IL-13 has been shown to be particularly important for the
generation of AHR in mouse models of allergic asthma (52, 53).
However, differences in IL-13 expression do not appear to ac-
count for the effects of obesity on OVA-induced changes in RL

or AHR. IL-13 expression did increase with OVA challenge,
but the change was virtually identical in wild-type and ob/ob
mice (Figures 5 and 6). It is conceivable that there were effects
of obesity on IL-4Ra and/or IL-13Ra1 expression and/or their
downstream signaling events, but our data suggest that this is
unlikely. The pulmonary mRNA expression of AMCase, an IL-
13 regulated gene, increased with allergen exposure, as de-
scribed by others (37), but changes in its expression were not af-
fected by obesity (Figure 6). Instead, obesity-related differences
in pulmonary mechanics after allergen exposure appear to occur
independently of differences in Th2 cytokine expression or
signaling.

There are conflicting data in the literature concerning the
role of eosinophils in the development of AHR in murine models
of allergic asthma (29, 54, 55). However, it is unlikely that
eosinophils contribute to the increased effects of OVA on
airway responsiveness observed in obese mice (Figures 1 and
8), because the number of eosinophils was actually reduced in
ob/ob versus wild-type mice (Figure 3), and this was confirmed
by histopathologic analysis of the lung tissue (Figure 4). Sim-
ilarly, OVA challenge resulted in enhanced airway responsive-
ness in db/db versus wild-type mice (Figure 8), even though
OVA-induced increases in BALF eosinophils were substantially
lower in db/db than wild-type mice (Figure 9). To determine
whether differences in the generation of eosinophil chemotactic
factors might contribute to the reduced influx of eosinophils
observed in the lungs of ob/ob mice, we measured BALF and
serum eotaxin. BALF eotaxin levels were actually greater in ob/
ob versus wild-type mice after OVA challenge, but serum levels
of eotaxin were also slightly greater in ob/ob versus wild-type
mice (Figure 7), a condition that would favor eosinophils re-
maining in the blood rather than migrating to the airways if the
serum eotaxin was derived from a source other than the lung.
Indeed, this is a plausible scenario because eotaxin expression
and secretion are significantly enhanced in adipose tissue of mice
with diet-induced obesity (41). IL-5 is important in eosinophil

Figure 8. Changes in (A) pulmonary resistance (RL)
and (B) dynamic compliance (Cdyn) induced by intra-

venous methacholine in ovalbumin (OVA)-sensitized

wild-type (C57BL/6) and db/db mice challenged with

aerosols of either phosphate-buffered saline (PBS) or
OVA once per day for 3 consecutive days. Responses

were measured 48 hours after the cessation of the fi-

nal aerosol challenge. n 5 6–7 mice for each group.

Solid circles, wild-type (PBS); solid squares, wild-type
(OVA); open circles, db/db (PBS); open squares, db/db

(OVA). *P , 0.05 compared with wild-type (C57BL/6)

mice with an identical exposure; #P , 0.05 compared

with genotype-matched, PBS-challenged controls.

Figure 7. Concentrations of total serum (A) soluble tumor necrosis

factor receptor 1 (sTNFR1), (B) sTNFR2, (C) eotaxin, as well as (D) total
number of blood leukocytes from ovalbumin (OVA)-sensitized wild-

type (C57BL/6) and ob/ob mice challenged with aerosols of phosphate-

buffered saline (PBS) once per day for 7 consecutive days. Blood was

collected and serum was isolated 24 hours after the cessation of the
final aerosol challenge. n 5 5–14 for each group. Solid bars, wild-type;

open bars, ob/ob. *P , 0.05 compared with wild-type (C57BL/6) mice.
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recruitment (56, 57), but OVA challenge did not significantly
increase IL-5 mRNA expression (Figure 6), although there may
have been alterations in IL-5 receptor expression and/or signal-
ing that negatively impacted eosinophil recruitment in ob/ob
mice. Finally, it is possible that the reduced migration of inflam-
matory cells to the lungs of OVA-challenged ob/ob and db/db
mice could be due to interrupted leptin signaling. For example,
Bellmeyer and colleagues have recently reported that db/db
mice manifest diminished pulmonary inflammation in response
to exposure to prolonged hyperoxia, whereas exogenous leptin
promotes hyperoxia-induced inflammation (58). However, we
think that alterations in leptin signaling are unlikely to explain
the reduced emigration of inflammatory cells to the lungs of ob/
ob and db/db mice in this study because we have previously
reported that exogenous leptin administration has no effect on
the recruitment of inflammatory cells after OVA sensitization
and challenge (28). Similarly, we do not think that leptin defi-
ciency is the basis for the OVA-induced changes in AHR in
ob/ob and db/db mice, because exogenously administered leptin
has no effect on baseline airway responsiveness and augments,
rather than inhibits, OVA-induced AHR in BALB/c mice (28).

It is possible that the enhanced ability of OVA to augment
airway responsiveness in obese mice is related to some aspect of
their phenotype other than obesity. For example, ob/ob and db/
db mice demonstrate fasting hyperglycemia and hyperinsuline-
mia (18), and we cannot rule out the possibility that these
differences might have influenced their response to OVA. The
ob/ob and db/db mice also have increased serum corticosterone
(18). Corticosteroids have been shown to attenuate OVA-
induced increases in inflammatory cell emigration to the lungs
in rats and mice (59, 60), suggesting that obesity-related increases
in corticosterone may be the cause of the reduced cell migration

into the airways of the obese mice (Figures 3, 4, and 9). How-
ever, the effect of obesity-related increases in corticosterone on
the development of AHR is more difficult to assess, because
previous reports have demonstrated that either increases or
decreases in serum corticosterone can attenuate the develop-
ment of OVA-induced pulmonary mechanical responses (59, 60).

The augmentation of airway responsiveness after OVA chal-
lenge observed in obese mice may be related to their enhanced
IgE production/release. We observed increased serum IgE after
OVA challenge of ob/ob versus wild-type mice (Figure 2). The
OVA-induced increase in IgE is consistent with other reports in
mice that indicate that allergen challenge is an important stim-
ulus for IgE production (61). Cross-linking FceRI receptors on
mast cells upon binding of allergen to IgE results in the secre-
tion of a panel of mediators, such as leukotrienes, which have
the capacity to elicit AHR, and others have reported increased
mast cell numbers in the tracheal mucosa of obese mice upon
sensitization by OVA (62). The relationship between allergen-
induced AHR and allergen-induced IgE production in mice is
controversial (for review, see Shore [42]), but it is interesting to
note that the expression of 5-lipoxygenase activating protein is
substantially increased in the adipose tissue of ob/ob mice (63).
This could lead to greater leukotriene synthesis and subsequent
release from activated mast cells and ultimately enhance airway
responsiveness. In this context, Peters-Golden and colleagues
recently reported a more beneficial effect of the leukotriene
antagonist montelukast in obese versus lean individuals with
asthma (64).

Finally, it is possible that, in obese mice, reductions in the
adipokine adiponectin could result in augmentation of OVA-
induced AHR. Serum adiponectin levels are reduced in obese
mice (16). Furthermore, administration of exogenous adiponec-
tin has been demonstrated to abrogate the development of
OVA-induced AHR in mice (65).

The relationship between obesity and atopy has been less
well studied in humans than the relationship between obesity
and asthma. There are some epidemiologic studies indicating that
higher body mass index is associated with increased prevalence
of atopy (22, 23), but this is not always observed (24, 25). In this
study, we observed increased serum IgE in ob/ob compared with
wild-type mice challenged with OVA, whereas there was no
significant effect of genotype on IgE in PBS-challenged mice
(Figure 2). Because the ob/ob mice were obese even at the time
of sensitization, these results indicate that obesity is exerting its
effect during the allergen challenge rather than the sensitization
phase of the response. We do not think that lack of leptin was
the cause of the difference in IgE, because we have previously
reported that exogenous leptin augments rather than inhibits
OVA-induced increases in serum IgE in BALB/c mice (28). Th2
cytokines, particularly IL-4, impact B-cell class switching to IgE,
but we did not observe any difference in BALF or lung tissue
IL-4 expression between ob/ob and wild-type mice. It is possible
that obesity has other effects that impact on IgE synthesis, such
as effects on B-cell function.

In conclusion, we report, that after OVA sensitization and
challenge, obese mice exhibit enhanced airway responsiveness
to methacholine as well as greater synthesis/release of IgE than
lean wild-type controls. These increased effects of OVA are
observed in the absence of any differences in Th2 cytokines and
even in the face of reduced pulmonary cellular inflammation.
Taken together with our results from obese mice exposed to O3,
these data suggest that obesity augments mechanical responses of
the airways to multiple asthma triggers.
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Figure 9. Total number of (A) macrophages, (B) eosinophils, (C)

lymphocytes, and (D) neutrophils in the bronchoalveolar lavage fluid

(BALF) of ovalbumin (OVA)-sensitized wild-type (C57BL/6) and db/db

mice challenged with aerosols of either phosphate-buffered saline (PBS)
or OVA once per day for 3 consecutive days. BALF was collected 48

hours after the cessation of the final aerosol challenge. n 5 4–5 mice for

each group. Solid bars, wild-type; open bars, db/db. *P , 0.05
compared with genotype-matched, PBS-challenged controls; #P ,

0.05 compared with wild-type (C57BL/6) mice with an identical

exposure.
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