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Although obesity is implicated in numerous health complications
leading to increasedmortality, the relationshipbetweenobesity and
outcomes for critically ill patients appears paradoxical. Recent
studies have reported better outcomes and lower levels of inflam-
matorycytokines inobesepatientswithacute lung injury (ALI)/acute
respiratory distress syndrome, suggesting that obesity may amelio-
rate the effects of this disease.We investigated the effects of obesity
in leptin-resistant db/db obese and diet-induced obese mice using
an inhaled LPS model of ALI. Obesity-associated effects on neutro-
phil chemoattractant response were examined in bone marrow
neutrophils using chemotaxis and adoptive transfer; neutrophil
surface levels of chemokine receptor CXCR2 were determined by
flowcytometry.Airspaceneutrophilia, capillary leak, andplasma IL-6
were all decreased in obese relative to leanmice in established lung
injury (24 h). No difference in airspace inflammatory cytokine levels
was found between obese and lean mice in both obesity models
during the early phase of neutrophil recruitment (2–6 h), but early
airspaceneutrophiliawas reduced in db/dbobesemice.Neutrophils
fromuninjured obesemice demonstrated diminished chemotaxis to
the chemokine keratinocyte cytokine compared with lean control
mice, and adoptive transfer of obesemouse neutrophils into injured
leanmice revealed a defect in airspacemigration of these cells. Pos-
sibly contributing to this defect, neutrophil CXCR2 expression was
significantly lower in obese db/dbmice, and a similar but nonsignif-
icantdecreasewasseen indiet-inducedobesemice.ALI is attenuated
in obesemice, and this blunted response is in part attributable to an
obesity-associated abnormal neutrophil chemoattractant response.
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Acute lung injury (ALI) and the acute respiratory distress syn-
drome (ARDS) are characterized by persistent, uncontrolled
pulmonary inflammation that occurs in response to a wide range
of insults, including pneumonia, sepsis, and trauma (1, 2). Al-
veolar recruitment of neutrophils is thought to be a central fac-
tor in the onset and progression of this syndrome (3, 4), and
increases in airspace neutrophilia and plasma neutrophilic

cytokine levels, including TNF-a, IL-1b, IL-6, and IL-8, are
associated with increased morbidity and mortality from this
disease (4–6). It is increasingly recognized that ALI pathogen-
esis and outcome are strongly influenced by host factors, includ-
ing genetic polymorphisms and comorbid conditions (1, 2).
Preliminary clinical evidence suggests that obesity may have
an ameliorative effect on ALI outcome (7). Although ambiguity
exists in smaller studies (8, 9), recent large cohort studies from
our group and others, as well as several metaanalyses, have
shown a reduction in mortality with rising body mass index in
ALI and critical illness in general (7, 10–16). Such an associa-
tion, though tentative, is surprising because obesity is believed
to be an inflammatory state with mild baseline elevations in
blood TNF-a, IL-1b, IL-6, and IL-8 (17) as well as increased
blood neutrophil levels (18). Nevertheless, we have recently
reported that in the context of established human ALI, plasma
IL-6 and IL-8 fall with rising body mass index (19), suggesting
that obesity may have an attenuating effect on inflammation in
this disease.

Although animal studies examining the effects of obesity on
ALI are scarce, recent reports demonstrate that spontaneously
obese leptin-resistant (db/db) and leptin-deficient (ob/ob) mice
(themost commonly usedmouse models of obesity) have reduced
lung injury and mortality from hyperoxic and ozone-induced lung
injury (20–22). Only one report (22) has examined the effects of
diet-induced obesity. Although these studies have implicated
alterations in IL-6 (22, 23) and leptin (20, 21) signaling, mech-
anistic links between the obese state and the attenuation of
ALI remain unclear. Most animal studies examining obesity-
associated effects on pulmonary immunity have focused on mod-
els of asthma and pneumonia, and although airway inflammation
appears to be amplified by obesity, the response to pneumonia is
blunted (24, 25), suggesting that the inflammatory response in
the alveoli (the site of ALI) is impaired. Although work in obese
pneumonia models has highlighted alterations in macrophage
function (26), little is known about obesity-associated effects
on ALI pathogenesis, and even less is known of obesity’s effects
on the hallmark effector cell of ALI, the neutrophil.

In this study we demonstrate that obesity attenuates inflam-
matory response in an inhaled LPS model of murine ALI,
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CLINICAL RELEVANCE

Obesity may be associated with improved outcomes from
acute lung injury/acute respiratory distress syndrome.
However, the effects of obesity on the pathogenesis of acute
lung injury are poorly understood. This study demonstrates
that obesity attenuates the development of acute lung injury
in mouse models and implicates obesity-associated neu-
trophil chemotaxis dysfunction in this effect.
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leading to a reduction in pulmonary neutrophilia and injury.
Furthermore, we show that obesity is associated with defects
in neutrophil chemoattractant response common to genetic
and diet-induced models of obesity, indicating that disruption
of neutrophil diapedesis into the lung contributes to the atten-
uated inflammatory response found in obese mice.

MATERIALS AND METHODS

Mice

For the diet-induced obesity model, male C57BL/6 mice (Jackson Labs,
Bar Harbor, ME) were fed high-fat (60% fat) versus normal-fat (10%
fat) chow (Research Diets, New Brunswick, NJ) for 20 weeks. In a ge-
netic model of obesity, male and female homozygous B6 db/db mice
(leptin-resistant mice on a C57Bl/6 background that are spontaneously
obese due to hyperphagia; Jackson Labs) and their lean heterozygous
littermates were examined at 6 to 8 weeks of age. Experiments were
performed in accordance with the Animal Welfare Act and the USPHS
Policy on Humane Care and Use of Laboratory Animals after review by
the Animal Care and Use Committee of the University of Vermont.

LPS-Induced Lung Injury

Mice were exposed to aerosolizedEscherichia coli 0111:B4 LPS (Sigma,
St. Louis, MO) (27, 28). The animals were killed 2, 6, or 24 hours later,
and blood, bronchoalveolar lavage (BAL), and whole lungs were ana-
lyzed. Additional details are provided in the online supplement.

Determination of Cytokine, Total Protein,

and Cholesterol Levels

IL-6, keratinocyte cytokine (KC), TNF-a, macrophage inflammatory
protein (MIP)-2, and monocyte chemotactic protein (MCP)-1 levels in
mouse plasma and BAL supernatants were assessed by Bio-Plex
suspension-array system (Bio-Rad, Hercules, CA). BAL protein levels
were measured by Bradford assay (Bio-Rad). Uninjured-mouse plasma
LDL cholesterol levels were assayed by fast protein liquid chromatog-
raphy. Additional details are provided in the online supplement.

Preparation of Morphologically Mature Murine

Bone Marrow Neutrophils

Femurs/tibias of obese or lean mice were dissected, marrow flushed with
HBSS, and layered on a three-step Percoll (GEHealthcare, Piscataway,

NJ) gradient (72, 64, and 52%), which was centrifuged at 1,060 3 g for
30 minutes as previously described (29, 30). Samples of the 72:64%
interface revealed greater than 95% morphologically mature-appearing
neutrophils.

Neutrophil Chemotaxis

Chemotaxis of marrow neutrophils was measured in response to KC
(R&D Systems, Minneapolis, MN) using a 48-well modified Boyden
Chamber with 5-mm pore polycarbonate membranes (NeuroProbe Inc.,
Gaithersburg, MD) as previously described (28).

Neutrophil Adoptive Transfer

Adoptive transfer of obese versus lean mouse neutrophils was per-
formed as we have previously described (29–31). Briefly, 5 3 106 iso-
lated bone marrow neutrophils per mouse were injected into lean mice
by tail vein, after which recipient mice were exposed to inhaled LPS
and examined at 24 hours as described above.

Calcium Flux Assays

Calcium flux in marrow neutrophils was measured in response to
25 ng/ml KC using Indo-1/AM (Molecular Probes, Carlsbad, CA)
as described (30).

Determination of Neutrophil Surface CXCR2 Expression

CXCR2 surface expression on marrow neutrophils was measured using
an LSR II flow cytometer (BD, San Jose, CA) after dual-staining
the cells with anti–Gr-1-Pacific Blue monoclonal antibody, and
Alexa-Fluor 647 anti-mouse CD182 (CXCR2; Biolegend, San Diego,
CA) or isotype-control monoclonal antibodies, and the resulting data
were analyzed by FloJo software (TreeStar, Ashland, OR) as described
(30).

Statistical Analysis

Correlations between weight and BALneutrophil levels, as well as cova-
riates that might affect BAL neutrophil levels (e.g., age and weight),
were analyzed by linear regression using STATA 10.0 (College Station,
TX). All other data were analyzed with the Student’s or Welch’s t test
using Prism 5 software (GraphPad, La Jolla, CA). Results are reported
with SEM in the case of t test analysis and with 95% confidence inter-
vals for linear regressions.

Figure 1. Obesity attenuates

airspace neutrophilia and lung

injury in db/db and diet-in-

duced obese mice. Acute lung
injury was induced by the inha-

lation of LPS in genetically

obese (db/db) versus lean (het-

erozygous littermate control)
mice (A–C), and diet-induced

obese (60% fat diet) versus

lean (10% fat diet) mice (D–F).

Mice were exposed to nebu-
lized Escherichia coli LPS (3

mg/ml; 15 min) 24 hours be-

fore determining bronchoal-
veolar lavage (BAL) (A, D)

and blood (C, F) neutrophil

levels by cell counter. BAL pro-

tein content (B, E) was deter-
mined by Bradford assay. n ¼
8 (diet-induced) or 12 (db/db)

mice per condition. *P , 0.05;

**P , 0.01; ***P , 0.001. ns ¼
not significant.
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RESULTS

Obesity Attenuates Pulmonary Neutrophilia and Capillary

Leak yet Increases Blood Neutrophilia in Established ALI

To investigate possible mechanisms for obesity-induced attenu-
ation of ALI, we examined LPS injury in db/db (leptin-resistant
mice spontaneously obese due to hyperphagia) and diet-induced
(fed high-fat chow for 20 wk) obese mice. Twenty-four hours af-
ter LPS exposure, this injury model reproduces many of the fea-
tures of established human ALI, including the often extreme
blood and pulmonary neutrophilia implicated in the pathogene-
sis of the disease as well as the formation of proteinaceous alve-
olar edema, the sine qua non of ALI (2). Mice from both obesity
models examined in these studies were found to weigh signifi-
cantly more than their lean controls at the time of LPS expo-
sure: lean heterozygous db mice weighed 22.2 6 0.9 g, db/db
weighed 41.8 6 1.7 g (P , 0.0001); mice fed a 10% fat diet
weighed 32.1 6 0.9 g, and mice fed a 60% fat diet weighed
47.5 6 0.8 g (P , 0.0001). Twenty-four hours after LPS expo-
sure, airspace neutrophilia was diminished in db/db and diet-
induced obese (DIO) mice compared with the lean control mice
(Figures 1A and 1D). In addition, BAL fluid total protein con-
tent (a marker of alveolar injury and capillary leak) was de-
creased in db/db and DIO mice relative to lean mice after
injury (Figures 1B and 1E). Histological examination of lungs
from injured animals (see Figure E1 in the online supplement)
demonstrated less injury in obese mice, with decreased airspace
neutrophilia and serum protein leak seen in the obese db/db
and, to a slightly lesser degree, in the obese DIO compared with
lean mice. Total lung tissue neutrophil content as gauged by
whole-lung myeloperoxidase activity was decreased in the in-
jured obese mice compared with lean mice in the db/db model
of obesity but was similar between lean and obese mice in the
DIO model (Figure E2). Similar to our findings in human ALI
(19), higher levels of blood neutrophilia were present in db/db
and DIO mice (Figures 1C and 1F) relative to lean mice after
injury. Obese and lean mice exposed to nebulized saline solu-
tion showed no evidence of inflammation or injury (data not
shown).

These findings suggest that the obese state in mice attenuates
two cardinal features of ALI that have been shown to predict
poor outcomes from this disease in humans (2). In further
confirmation of the effect of weight on lung injury, we noted
an inverse correlation between preinjury mouse weights and
subsequent levels of airspace neutrophilia after injury in both
obesity models (Figures 2A and 2B). Univariate regression
analysis of the combined obese and lean mice from both mouse
models (db/db and diet-induced) showed a highly significant
relationship between BAL neutrophil levels and weight (P ¼
0.001; adjusted r2 ¼ 0.25) (Figure 2C). There was no relation-
ship between age or obesity model (db/db versus diet-induced
obesity) and BAL neutrophil levels (P ¼ 0.75 and 0.77, respec-
tively).

Early Pulmonary Cytokine Response to Injury Is Normal

to Elevated in Obese Mice

To determine whether the impaired pulmonary neutrophilia
seen in established LPS-induced injury was caused by attenu-
ated pulmonary cytokine release or by a primary defect in neu-
trophil chemotaxis, we examined BAL cytokine and neutrophil
levels during the early phase of neutrophil recruitment (2 h af-
ter LPS injury). At this early time point, BAL levels of inflam-
matory cytokines, including the CXC chemokines KC and
MIP-2, critical in pulmonary neutrophil recruitment, were nor-
mal to elevated in db/db and DIO obese mice compared with

lean control mice (Figures 3A and 3C). However, despite this
normal cytokine response, neutrophil recruitment into the
airspace of obese mice was still significantly blunted at this
early time point in the db/db model (Figure 3B), whereas it
was not significantly different in the DIO obese mice (Figure
3D). Examination of the 6-hour time points showed similar
findings (Figure E3). Because neutrophil recruitment to the
lung is governed primarily by blood neutrophil mobilization,
which we found to be elevated in obese mice (Figures 1C, 1F),
pulmonary chemokine production (Figure 3A, also normal),
and neutrophil chemotaxis, we questioned whether the obese
state confers an intrinsic migratory defect upon the neutro-
phil.

Figure 2. Airspace neutrophilia is inversely related to mouse weight in

LPS-injured lean and obese mice. BAL neutrophil levels 24 hours after

nebulized LPS exposure in genetically obese (db/db) and lean (hetero-
zygous littermate control) mice (A) and diet-induced obese (60% fat

diet) and lean (10% fat diet) mice (B) were graphed versus mouse

weights measured immediately before injury. Db/db mice: r2 ¼ 0.27,

P ¼ 0.0096 by linear regression; diet-induced mice: r2 ¼ 0.32, P ¼ 0.02.
Combining lean and obese mice from db/db and diet-induced models

(C), an inverse relationship between weight and airspace neutrophilia

remained and was not affected by mouse age or obesity model (P ¼
0.001, adjusted r2 ¼ 0.25). Dashed lines indicate 95% confidence
intervals.
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Obesity Attenuates Neutrophil Chemotaxis Response

and Airspace Entry

To investigate whether intrinsic defects in neutrophil function
contribute to the attenuation of airspace neutrophil recruitment
in obese mice, we examined chemoattractant response in neutro-
phils from lean and obesemice usingmodified Boyden chambers.
Chemotaxis to the neutrophilic chemokine KC was found to be
markedly attenuated in neutrophils from db/db and DIO mice
compared with lean control mice (Figure 4). Examination of
neutrophil chemotaxis response to a range of KC concentra-
tions demonstrated that obese neutrophil response is subtly
impaired at low KC concentrations and that this defect
increases with rising concentrations of this chemokine (Figure
E4), suggesting a rightward shift of the KC response curve in
obese mouse neutrophils. To determine whether the obesity-
associated defects in neutrophil airspace migration we found
in vivo were conferrable using neutrophil adoptive transfer,
we injected isolated marrow neutrophils from obese or lean
mice into recipient lean mice, which were then exposed to
inhaled LPS. At 24 hours, the resulting airspace neutrophilia
was significantly lower in mice receiving obese compared with
lean mouse neutrophils (Figure E5). Thus, obesity appears to
be associated with previously undescribed intrinsic abnormal-
ities in neutrophil function.

Obesity Is Associated with Blunted Neutrophil Signaling

Response to KC and Decreased Neutrophil Surface Display of

the Chemoattractant Receptor CXCR2

To explore the obesity-related defect in neutrophil chemotaxis,
we examined cellular calcium flux, an early response to ligation
of receptors driving neutrophil chemotaxis. Diminished calcium
flux to KC was seen in neutrophils from obese db/db and DIO
mice (Figure 5). To further dissect this defect, we examined
neutrophil surface levels of CXCR2, the receptor for KC and
MIP-2, in db/db and DIO mice compared with lean mice. Sur-
face expression of CXCR2 was found to be significantly de-
creased in neutrophils from obese db/db animals compared
with lean littermates (Figure 6A). This effect was less pro-
nounced and did not reach significance in DIO mice (Figures
6B). Histographic representation of this data (Figure E6) dem-
onstrates a broader range of surface CXCR2 staining intensity
in neutrophils from obese mice as opposed to those from lean
mice, which appear to express CXCR2 highly in a more uniform

distribution. These histograms also illustrate differences be-
tween db/db and DIO neutrophil CXCR2 expression patterns
in that DIO neutrophils, although appearing to stain less in-
tensely than lean control mice, show a more narrow distribution
in expression than do obese db/db mice.

Obesity Is Associated with Decreased BAL and Plasma

IL-6 Levels in LPS-Induced ALI

Although obesity is generally believed to confer an inflammatory
cytokine environment, we have previously shown that plasma

Figure 3. Initial lung cytokine response to injury

is normal in obese mice, but early neutrophilia is

decreased. BAL cytokine (A, C) and neutrophil

(B, D) levels 2 hours after nebulized LPS expo-
sure in lean compared with genetically obese

(db/db) and diet-induced obese mice were de-

termined by Bio-Plex and cell counter, respec-
tively. n ¼ 6 mice/condition. *P , 0.05. KC ¼
keratinocyte cytokine; MCP-1 ¼ monocyte che-

motactic protein 1; MIP-2 ¼ macrophage in-

flammatory protein; ns ¼ not significant;
PMN ¼ polymorphonuclear leukocyte.

Figure 4. Obesity impairs neutrophil chemotaxis. Chemotaxis of den-

sity centrifugation-isolated mature bone marrow neutrophils from ge-

netically obese (db/db) (A) and diet-induced obese (B) mice was

compared with lean control mice using a modified Boyden chamber
with KC (25 ng/ml). Membrane counts were expressed as percentage

of lean control neutrophil migration to KC for each experiment. Four

separate experiments were performed on db/db and diet-induced

obese mouse isolated neutrophils and respective control mice. *P ,
0.01.
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levels of the key inflammatory cytokine, IL-6, are decreased in
obese patients with ALI (19). We therefore sought to determine
whether obese mice might manifest a similar attenuation in the
setting of established ALI. Similar to patients with ALI, plasma
levels of IL-6 were reduced in db/db obese mice compared with
lean control mice 24 hours after LPS-induced lung injury (Figure
7A). The reduction in IL-6 levels was less pronounced in DIO
mice and did not reach significance (Figure 7B). Similar to find-
ings at the 2- and 6-hour time points, 24-hour BAL levels of KC,
TNF-a, and MIP-2 did not differ between lean and obese lung-
injured mice (Figure E7). However, in contrast to early time
points, BAL levels of IL-6 and MCP-1 appeared to be blunted
by 24 hours in obese mice.

DISCUSSION

In the present study, we demonstrate an attenuating effect of
obesity on LPS-induced lung injury and neutrophil trafficking
in genetically hyperphagic (db/db) and diet-induced mouse mod-
els of obesity and implicate obesity-related defects in neutrophil
chemotaxis in this diminished response. This is consistent with
our previously published findings on obesity’s dampening effects
on the inflammatory response in human ALI.

Previous work has suggested that obesity may have an atten-
uating effect on hyperoxic and ozone-induced lung injury mod-
els, although in the case of ozone exposure findings are mixed
and appear to vary with the acuity of exposure and possibly
the timing of examination (22, 32, 33). These findings, in light
of the early evidence that obesity may have a protective effect
in human ALI/ARDS (7, 34, 35), suggest that a clinically rele-
vant alteration in the acute pulmonary inflammatory response
may be associated with weight gain. Although limited work has
explored this effect in animal models, leptin resistance (20) and
alterations in IL-6 signaling (22) have been implicated in the
attenuation of acute lung inflammation, but the possible role of
obesity-associated neutrophil function defects has not previ-
ously been investigated.

Examining an LPS-induced lung injury model, we find that
db/db and DIO animals show decreased airspace neutrophilia
and attenuated capillary leak. Elevated levels of circulating neu-
trophils are seen in the obese mice in our studies, similar to find-
ings we have previously reported in obese patients with ARDS
(19). This suggests that neutrophil mobilization in response to
injury is not impeded in obesity, implicating a defect in the
recruitment of blood-borne neutrophils to the airspace as the
cause of attenuated injury and neutrophilia. Although such
a finding could result from an abnormal pulmonary cytokine
response, in our models the proinflammatory cytokine response
appears to be normal. Furthermore, in the case of the db/db
model of obesity, airspace neutrophilia is blunted even in this
early phase of recruitment, suggesting that defects in neutrophil
response may exist in obese animals, leading to impaired neu-
trophil migration into the lung. This is further suggested by our
adoptive transfer studies in which neutrophils from obese ani-
mals show significantly impaired airspace migration when in-
fused into lung-injured, lean recipients. Thus, obesity appears
to confer an intrinsically impaired neutrophil migratory re-
sponse that is independent of additional host defects that may
accompany obesity.

Neutrophil diapedesis into the lung is a complex process,
requiring endovascular rolling, adhesion, and subsequent
chemokine-directed tissue migration to the alveolar space
(36). Although defects in neutrophil chemotaxis may arise from
alteration in multiple cellular processes, we find that impaired
response to the CXC chemokine KC is evident in obese neu-
trophils during calcium flux, which is the earliest signaling event
that initiates chemotaxis. Associated with this impairment, we
find evidence of significantly decreased surface levels of the
CXCR2 receptor on neutrophils from db/db obese mice and
to a lesser degree in DIO mice. The cause of this reduction in
CXCR2 is unclear. Although obesity is known to be accompa-
nied by chronic, low-level systemic inflammation, which could
lead to CXC cytokine-mediated reduction in neutrophil
CXCR2 display, plasma inflammatory cytokine levels including
CXCR2 ligands KC and MIP-2 are not significantly different
between naive obese and lean mice in either model of obesity
(Figures E8). Even in the case of db/db-derived neutrophils,

Figure 5. Obesity attenuates neutrophil calcium flux in response to

chemoattractants. Cellular calcium flux response to the CXC cytokine
KC (25 ng/ml) was determined in mature bone marrow neutrophils

isolated from genetically obese (db/db) (A) and diet-induced obese

(B) mice and compared with lean control mice using Indo-1AM cyto-
solic dye-loading and flow cytometry. Three separate experiments were

performed on db/db and diet-induced obese mouse isolated neutro-

phils and respective control mice; representative runs are shown for

each source.

Figure 6. Obesity is associated with decreased

neutrophil surface expression of CXCR2. Cell sur-
face levels of CXCR2 were determined on mature

bonemarrow neutrophils isolated from genetically

obese (db/db) (A) and diet-induced obese (B)

mice and compared with lean control mice using
flow cytometry. Three separate experiments were

performed on db/db and diet-induced obese mice

and respective control mice, and reported results

are normalized to control for each experiment.
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unknown mechanisms other than reduced CXCR2 display must
contribute to obesity-associated neutrophil chemotaxis defects,
given the disproportionate magnitude of this defect in relation
to the observed reduction in surface CXCR2.

The finding of an obesity-linked primary defect in neutrophil
function adds to the growing list of obesity-associated defects
suggested to contribute to the attenuated pulmonary inflamma-
tory response, including leptin resistance and abnormalities in
IL-6 signaling, and is notably similar to our previously published
findings examining lean mouse models of dyslipidemia (37),
a condition known to accompany obesity. In our previous
studies, lean mice with diet-induced hypercholesterolemia
demonstrated a small but significant reduction in pulmonary
neutrophilia 24 hours after exposure to nebulized LPS, which
was associated with defects in neutrophil chemotaxis as well as
decreased neutrophil surface levels of CXCR2 (37). Although
the effects of hypercholesterolemia on neutrophil trafficking
were less substantial than those we report here in obese mice,
such findings suggest that hypercholesterolemia, present in both
models of obesity in this report (Figure E9), may contribute to
the obesity-associated defects in neutrophil chemotaxis.

Although the current literature is inconclusive, there are sug-
gestions that obesity may affect the recruitment of neutrophils to
the lung differently from recruitment to other sites. For instance,
peritoneal recruitment of neutrophils may be augmented in obe-
sity in sterile peritonitis (38). How this may be reconciled with
our current finding of obesity-associated impairment of neutro-
phil chemotaxis is unclear. We have previously described a sim-
ilar paradox in hypercholesterolemic mice (37) in which we
found isolated neutrophils to have similar defects in chemotaxis
associated with increased recruitment to the inflamed perito-
neum despite impaired recruitment to the lung using the same
inflammatory agents (LPS, Klebsiella infection). The etiology of
this difference is unclear but may involve augmented cytokine
response in the peritoneum compared with the lung.

Examination of inflammatory cytokine levels in our models
demonstrates that, although the initial pulmonary cytokine re-
sponse in obese animals appears normal, a reduction in plasma
IL-6 levels is seen in more established injury (24 h). This finding
is similar to our previous findings in patients with ALI in which
plasma IL-6 was found to be decreased in obese patients. MCP-1
and to a lesser degree IL-6 are reduced in the airspace of obese
animals with lung injury at 24 hours (Figure E9). It is unclear
whether this occurrence reflects a downstream effect of attenu-
ated neutrophil recruitment (because neutrophils are an impor-
tant source of IL-6 and MCP-1 release after lung injury [39]) or
an evolving defect in the monocyte/macrophage or pulmonary
epithelial response during the course of lung injury. In the case
of IL-6, this decrease in alveolar cytokine release appears to
mirror the defect seen in systemic cytokine response.

Differences are evident between our two mouse models of
obesity. The db/db and diet-induced obesity models showed sim-
ilar defects in neutrophil chemotaxis and comparable attenua-
tions in airspace neutrophilia and capillary leak in the setting

of established lung injury (24 h). However, these models mani-
fest subtle differences in other aspects of the inflammatory re-
sponse, possibly attributable to their disparate mechanisms
and durations of obesity. Although db/db mice are primarily hy-
perphagic and rapidly develop obesity on normal chow within 4
to 6 weeks of birth, DIO mice develop obesity as a product of
high fat chow over the course of 20 weeks. Thus, full manifesta-
tions of the metabolic syndrome, such as vascular activation and
injury, are likely to be greater at baseline in the DIOmodel com-
pared with the db/db model. Such endothelial activation may ac-
count for the normal to increased early neutrophil recruitment
seen in injured obese DIO compared with lean mice (Figure
3D) (as well as the relatively normal lung myeloperoxidase
content) that occurs in this model despite the demonstrated
obesity-associated defects in neutrophil chemotaxis.

Several other notable differences between obesity models ex-
ist. Mice with diet-induced obesity appear to have less pro-
nounced alterations in neutrophil recruitment, calcium flux,
and CXCR2 expression compared with the db/db model of obe-
sity, whereas lean mice in the diet-induced model have a blunted
response to LPS injury compared with lean heterozygous db
mice. Several factors may account for these findings. Lean mice
in the diet-inducedmodel are significantly heavier than leanmice
in the db/db model (22.26 0.9 g versus 32.16 0.9 g; P, 0.0001),
suggesting that differences in weight might affect BAL neutro-
philia even in the “lean” groups. Diet composition, which dif-
fers substantially between models, also has been shown to alter
the inflammatory response (40) and may contribute to the dif-
ferences seen between models. Although we do not find a sig-
nificant correlation between airspace neutrophilia and mouse
age in our lung injury model, age has been shown to impair
neutrophil chemotaxis response in mice and humans, indepen-
dent of weight, through unclear mechanisms (41–45), and this
may augment the defect in DIO neutrophils independent of
CXCR2 expression levels.

The development of spontaneous diabetes in the db/dbmouse
model is well known, and although our experiments were
designed to limit the development of frank diabetes in the ani-
mals by using mice on a nondiabetogenic background (B6) and
examining them at an age before the typical onset of diabetes
(46, 47), we cannot exclude the possibility that early diabetes
may have influenced inflammatory response in the obese db/db
mice. Thus, we might expect that the multiple differences be-
tween the db/db and DIO obesity models would alter how
obesity-associated defects in neutrophil function and recruit-
ment are expressed. Despite this, the shared phenotype of im-
paired pulmonary inflammatory response and neutrophil
dysfunction in both models suggests that the obese state itself
has an overarching effect on the pathogenesis of lung injury.

In summary, we show that obesity has an attenuating effect on
LPS-induced lung injury and neutrophil trafficking in two mouse
models of obesity. This occurs despite an apparently normal early
pulmonary cytokine response and with elevated levels of circulat-
ing neutrophils. Further examination revealed that the witnessed

Figure 7. Obesity attenuates plasma IL-6 re-
sponse in db/db and diet-induced obese mice.

Plasma IL-6 levels 24 hours after inhaled LPS

lung injury were measured by Bio-Plex in genet-

ically obese (db/db) (A) and diet-induced obese
(B) mice and compared with lean control mice.

n ¼ 6 (diet-induced) or 12 (db/db) mice per

condition.
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attenuation on pulmonary neutrophilia in bothmodelsmay in part
be due to obesity-related abnormalities in neutrophil CXCR2 sig-
naling with associated defects in neutrophil chemotaxis. Taken to-
gether, these results suggest that neutrophil dysfunction may play
a prominent role in what appears to be a complex, multifactorial
process underlying the attenuation of lung injury in obesity. Fur-
ther studies are warranted to better characterize and dissect these
obesity-related alterations in neutrophil function.
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