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Obesity is associated with an increased incidence and severity of
asthma, as well as other lung disorders, such as pulmonary hyper-
tension. Adiponectin (APN), an antiinflammatory adipocytokine,
circulates at lower levels in the obese, which is thought to contribute
to obesity-related inflammatory diseases. We sought to determine
the effects of APN deficiency in a murine model of chronic asthma.
Allergic airway inflammation was induced in APN-deficient mice
(APN~/7) using sensitization without adjuvant followed by airway
challenge with ovalbumin. The mice were then analyzed for changes
in inflammation and lung remodeling. APN~/~ mice in this model
develop increased allergic airway inflammation compared with wild-
type mice, with greater accumulation of eosinophils and monocytes
in the airways associated with elevated lung chemokine levels.
Surprisingly, APN~/~ mice developed severe pulmonary arterial
muscularization and pulmonary arterial hypertension in this model,
whereas wild-type mice had only mild vascular remodeling and
comparatively less pulmonary arterial hypertension. Our findings
demonstrate that APN modaulates allergic inflammation and pulmo-
nary vascular remodeling in a model of chronic asthma. These data
provide a possible mechanism for the association between obesity
and asthma, and suggest a potential novel link between obesity,
inflammatory lung disease, and pulmonary hypertension.
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According to the Centers of Disease Control, currently more than
30% of the adult population in the United States is considered
obese (1). Obesity is associated with a higher incidence of
hypertension, diabetes, cardiovascular disease, and pulmonary
disorders, such as asthma and pulmonary hypertension (2-5).
Recent experimental evidence suggests that obesity may directly
contribute to the pathogenesis of these disorders through the
metabolic and immune activity of adipose tissue (6). Consistent
with this, adipocytes secrete multiple bioactive mediators (adi-
pocytokines), which may influence energy homeostasis, inflam-
mation and tissue remodeling (6-8). Adiponectin (APN), the
most abundant adipocytokine, has a wide range of metabolic,
antiinflammatory, and antiproliferative activities (9). Of note,
individuals with obesity have low plasma APN levels, suggesting
that decreased APN levels may contribute to the increased
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CLINICAL RELEVANCE

The research presented in this article provides a mechanism
that might explain the increased incidence of asthma in the
obese. Furthermore, the data suggest a novel mechanism
by which obesity may influence the development of pul-
monary hypertension in the presence of inflammatory lung
disease.

inflammatory state in obesity. Supporting this hypothesis, mice
with a deletion of the APN gene (APN~/7) are predisposed
to inflammatory diseases, such as diabetes and atherosclerosis
(9-11), and develop enhanced organ remodeling and vascular
smooth muscle cell (SMC) proliferation in disease (9-11).

Asthma is a complex syndrome, broadly defined by inflam-
mation of the airways associated with airways hyperresponsive-
ness (AHR) and mucus hypersecretion (12). In addition, chronic
asthma is associated with remodeling of the airways and associ-
ated vasculature (13, 14). There is accumulating evidence in the
literature that obesity can increase both the incidence and
severity of asthma in patients, and is associated with worse
asthma outcomes (2, 15-19). Studies have demonstrated that
adipose tissue expresses multiple adipocytokines, which may
influence airway inflammation and airway remodeling (7, 20).
In addition, experimental studies in animals have also supported
a link between obesity and asthma (3, 21, 22). Taken together,
these data suggest that obesity may actually contribute to the
pathogenesis of asthma; however, the mechanisms for this in-
teraction are not well defined.

There is also an increased incidence of pulmonary hyperten-
sion in the obese, with a prevalence of 5% in people with a body
mass index greater than 30 kg/m? (23). This association is thought
to relate partially to the obesity-hypoventilation syndrome (a
syndrome notable for a combination of obesity, sleep-disordered
breathing, and hypercapnia) and obstructive sleep apnea; how-
ever, the risk for pulmonary hypertension in the obese seems to be
independent of these diagnoses (23-25). Even more provocative
are autopsy data from patients with obesity, which demonstrate
a high incidence (72%) of pulmonary hypertensive changes
(including extensive muscularization of medium and small pul-
monary arteries) in this population (26, 27). Although these data
strongly suggest an association between obesity and pulmonary
hypertension, the exact mechanisms linking these disorders
remain unknown.

Recent studies have suggested that APN can influence the
development of lung inflammation and, possibly, pulmonary
hypertension. In a murine model of acute asthma, treatment of
mice with APN attenuated airway inflammation and AHR (21).
More recently, it was demonstrated that APN is detectable in the
airways of normal mice at levels 5-fold less than serum. Further-
more, APN-deficient (APN~/7) mice develop spontaneous em-
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physema, and lung macrophages from these mice express higher
levels of inflammatory mediators than macrophages from wild-
type mice (28). Potential effects of APN on the pulmonary
vasculature have also recently been recognized. Male apolipo-
protein E—deficient mice on a high-fat diet develop pulmonary
hypertension associated with lower APN levels compared with
wild-type mice (29). Treatment of these mice with the peroxi-
some proliferator—activated receptor-y activator, rosiglitazone,
resulted in higher plasma APN levels and complete regression
of pulmonary hypertension and pulmonary artery remodeling.
These data suggest that lower APN levels in obesity could directly
affect the severity of inflammation in asthma and influence
pulmonary vascular disease. Interestingly, pulmonary hyperten-
sion and pulmonary arterial remodeling have recently been
reported in murine models of allergic airway inflammation (30—
33), and inflammation is now recognized as an important stimulus
for the development of pulmonary hypertension (30, 32-34).
However, whether obesity influences the development of pulmo-
nary hypertension in the setting of inflammatory lung disease has
not been studied. Here, we investigated the effects of APN
deficiency in a murine model of chronic allergic airway inflam-
mation, and demonstrate that APN modulates allergic airway
inflammation and pulmonary vascular remodeling.

MATERIALS AND METHODS

Mouse Experiments

APN~/~ mice were backcrossed seven generations onto a C57BL/6
background (35). Wild-type C57BL/6 control mice were obtained from
Taconic (Hudson, NY), so we cannot fully rule out subtle differences in
the phenotype of these mice arising from genetic differences. Mice were
used at 6 to 8 weeks of age, and were age and sex matched for all
experiments. There were no baseline differences in weight (data not
shown), as previously reported (28). All protocols for mouse experiments
were approved by the Institutional Animal Care and Use Committee of
Massachusetts General Hospital.

Asthma Model

Acute allergic airway inflammation was induced in mice as previously
described (36). Briefly, mice were immunized with two intraperitoneal
injections of 10 pg of chicken ovalbumin (OVA) (Sigma-Aldrich, St.
Louis, MO) bound to 1 mg of alum (Sigma-Aldrich) in 0.5 ml PBS on
Days 1 and 7. Starting on Day 14, mice were challenged by aerosol
nebulization with 10 mg/ml OV A in PBS or PBS alone (control mice) for
20 minutes daily for 3 days. Chronic allergic airway inflammation was
induced in mice using a modified protocol (37). Briefly, mice were
immunized with three intraperitoneal injections of 50 ug of OVA in 0.1
ml PBS on Days 1, 4, and 7. Starting on Day 12, mice were challenged by
intranasal injection with 20 wg OV A in 30 wl PBS or PBS alone (control
mice) weekly for 4 weeks. Mice were harvested for analysis 24 hours after
the last challenge.

Hypoxia Experiments

Mice were exposed for 3 weeks to 10% normobaric hypoxia in a specially
designed cage rack, as previously described (38).

Mouse Harvest and Analysis

Bronchoalveolar lavage (BAL) and harvest of the lungs were performed
as previously described (36). Cells recovered from the BAL fluid were
stained with fluorescently labeled antibodies to CD4, CDS8, and CD69
(BD Biosciences, San Jose, CA).

Histological Analyses

For histopathologic examination, lungs were flushed free of blood,
inflated with 10% buffered formalin to 25 cm H,O of pressure, and
prepared and evaluated as previously described (36). Sections of paraffin-
embedded lungs were prepared and stained with hematoxylin and eosin,
Masson trichrome, and Picrosirius red. Sections were also stained with
antibodies to a-smooth muscle actin (Abcam, Cambridge, MA), and

proliferating cell nuclear antigen (Cell Signaling, Danvers, MA), accord-
ing to the manufacturers’ recommended protocols. Transferase biotin-
dUTP nick end labeling (TUNEL) assay was performed using the
Apoptag Plus Peroxidase in situ apoptosis kit (Millipore, Billerica,
MA). The number of TUNEL" nuclei per 20X field was counted in
three random fields for each section. The slides were evaluated by light
microscopy, and the amount of inflammation and vascular remodeling
was assessed by a researcher blinded to the genotype of the animals. The
evaluator assessed the inflammatory infiltrate around the airways and the
amount of vascular obliteration on three whole lung sections of the left
lung from each mouse evaluated. Each set of three sections was given
a score of 0—4 for inflammation (0 = no inflammation; 1 = < 25% of
airways with inflammation; 2 = 25-50% of airways with inflammation;
3 = 50-75% of airways with inflammation; 4 = > 75% of airways
with inflammation) and 0—4 for vascular remodeling (0 = no remodeling;
1 = <25% of medium-sized pulmonary arteries obliterated; 2 = 25-50%
of medium-sized pulmonary arteries obliterated; 3 = 50-75% of
medium-sized pulmonary arteries obliterated; 4 = greater than 75%
of medium-sized pulmonary arteries obliterated). In addition, measure-
ments were made of the vascular wall thickness (expressed as a percent-
age of the vessel diameter) for the preacinar vessels in each lung section,
as previously described (38). Finally, collagen types I and III were stained
with Picrosirius red. Sections were incubated for 90 minutes in 0.1%
Sirius red F3BA (Polyscience Inc., Warrington, PA) in saturated picric
acid. Staining with Sirius red was analyzed by polarization microscopy
with image analysis software (Image-Pro Plus; MediaCybernetics,
Bethesda, MD).

Airway Hyperresponsiveness

Airway resistance and dynamic lung compliance were measured
invasively using a whole-body plethysmograph (Buxco, Wilmington,
NC), as previously described (36).

Hemodynamic Studies

Mice were anesthetized with ketamine (100 mg/kg) and fentanyl
(250 pg/kg) intraperitoneally, then intubated and mechanically venti-
lated (10 pl/g, 110 bpm; FiO, = 1). Pancuronium (2 mg/kg) was
administered intraperitoneally, and a PE-10 polyethylene catheter was
placed in the left carotid artery for continuous heart rate and systemic
arterial pressure monitoring. Then, a 1F high-fidelity pressure catheter
(SPR-1000; Millar Instruments Inc., Houston, TX) was advanced into the
right ventricle via the jugular vein to measure right ventricular systolic
pressure (RVSP) as an estimate of pulmonary arterial systolic pressure.
All signals were recorded and analyzed using a data acquisition system
(PowerLab with Chart; AD Instruments, Colorado Springs, CO). At the
end of the study, an arterial blood sample was taken while the animal was
breathing room air, and the partial pressure of oxygen was measured
using a Chiron Diagnostic Blood Gas Machine (Siemens, Deerfield, IL).

Cell Culture and Stimulation

Murine bone marrow—derived macrophages were prepared as previously
reported (39). The cells were incubated in standard medium con-
taining 2% FCS with or without 10 pg/ml of mouse recombinant APN
(BioVendor, Candler, NC) for 18 hours. The bone marrow—derived
macrophages were then stimulated with a combination of IL-4 (50 ng/ml)
and TNF-a (100 ng/ml) (R&D Systems, Minneapolis, MN) for 6 hours.
After the treatment, RNA was isolated for quantitative RT-PCR.

Quantification of Gene and Protein Expression

RNA was purified from the lung and analyzed by quantitative RT-PCR,
as previously described (36). Primer sequences used were selected using
the Massachusetts General Hospital PrimerBank (http:/pga.mgh.har-
vard.edu/primerbank/). Supernatants from BAL fluid were collected and
then used undiluted in commercial ELISA kits for CCL11 and CCL24
(R&D Systems), according to the manufacturer’s protocol. BAL and
serum were collected, diluted 1:1,000 and 1:10,000, respectively, and used
in a commercial ELISA kit to measure the protein levels of mouse APN
(B-Bridge International, Mountain View, CA).

Hydroxyproline Assay

Hydroxyproline was assayed as previously described (40).
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Statistical Analysis

Results are shown as mean (xSEM) values. Two groups were com-
pared using Student’s ¢ test. Between-group comparison of means was
performed by repeated-measures ANOVA. A P value of less than
0.05 was regarded as indicative of a significant difference.

RESULTS

APN Deficiency Does Not Affect Acute Allergic
Airway Inflammation

To investigate the potential role of APN in regulating allergic
airway inflammation, we used APN~/~ and wild-type mice in an
allergen challenge model of acute asthma, which uses OVA
immunization with adjuvant (alum) and OV A aerosol challenges
to induce allergic airway inflammation (36). Prominent airway
inflammation occurred in OV A-challenged APN~/~ mice and
wild-type mice, whereas PBS-challenged mice had normal-
appearing lungs without inflammation. There was no difference
in T-cell recruitment, eosinophil recruitment, mucus cell number,
or AHR between the OV A-challenged wild-type and APN~/~
mice (data not shown). Thus, APN deficiency did not influence
the development of airway inflammation in this model of acute
asthma.

APN Deficiency Exacerbates Chronic Allergic
Airway Inflammation

Previous data have demonstrated that serum APN levels de-
crease in mice that are acutely challenged with OVA compared
with mice challenged with PBS (21). Thus, the absence of an effect
of APN deficiency in the acute model of asthma may be a result of
down-regulation of APN in wild-type mice. In addition, the
effects of obesity on inflammation have mainly been studied
in the context of chronic diseases, such as diabetes and athero-
sclerosis. Thus, we reasoned that a model of chronic low-level
inflammation would be a better means to differentiate effects of
APN deficiency on allergic airway inflammation. Therefore, we
used a murine model of chronic asthma that induces mild chronic
airway inflammation and remodeling (37). Wild-type mice and
APN~/~ mice were immunized with OVA (without adjuvant)
and then exposed to a weekly intranasal OV A challenge. Unlike
in the previous study using this model (37), we only used four
weekly challenges rather than nine weekly challenges to limit the
intensity of inflammation. We analyzed serum APN levels in wild-
type mice after 2 and 4 weeks of OV A challenges, and found that
APN levels were the same as in naive wild-type mice, and did not
decrease during the induction of inflammation as seen in an acute
asthma model (21) (APN level: baseline = 5.6 = 0.6 png/ml; 2
weeks = 5.3 = 0.2 pg/ml; and 4 weeks = 5.4 = 0.5 pg/ml; n = 4
samples per group). Levels of APN were undetectable in APN~/~
mice.

After four weekly OV A challenges, wild-type mice developed
mild eosinophilic airway inflammation (Figure 1A [panels i, iii,
and vii] and Figure 1B), and mild pulmonary vascular muscula-
rization (Figure 1A, panel v). In contrast, APN~/~ mice had
markedly more eosinophilic airway inflammation (Figure 1A
[panelsii, iv, and viii] and Figure 1B), and perivascular eosinophil
accumulation associated with obliteration of small- and medium-
sized pulmonary vessels (Figure 1A, panel vi). Analysis of cells
isolated from BAL fluid from OV A-immunized and -challenged
mice demonstrated a nearly threefold increase in the percentage
of eosinophils, and a twofold-lower percentage of monocytes/
macrophages in the airways of APN =/~ mice compared with wild-
type mice (Figure 1C). Total cell numbers of both eosinophils and
monocytes/macrophages were fivefold and 2.5-fold greater, re-
spectively, in the BAL fluid from APN~/~ mice than from wild-

type mice (Figure 1C). Flow cytometry of BAL cells for T-cell
subsets and activated T cells (indicated by CD69 positivity)
demonstrated a lower percentage of CD4* and CD8™ T cells in
the BAL fluid from APN~/~ mice, but the total number of T-cell
subsets and activated T cells did not differ between genotypes
(Figure 1D). These data demonstrate that APN~/~ mice display
greater eosinophilic airway inflammation than wild-type mice in
this chronic asthma model.

APN Deficiency Decreases Dynamic Lung Compliance

As a result of airway inflammation, mice develop AHR in
response to increasing doses of inhaled methacholine. This can
be assessed using changes in airway resistance (reflecting AHR in
large airways) and dynamic lung compliance (reflecting AHR in
small airways). Baseline airways resistance in mice immunized
with OVA and challenged with PBS was not different between
wild-type and APN~/~ mice (1.59 = 0.14 cm H,O/ml/s versus
1.51 = 0.18 cm H,O/ml/s, respectively), and increased in a similar
manner in response to inhaled methacholine (Figure 2A). Base-
line dynamic lung compliance was also not different between
PBS-challenged wild-type and APN~/~ mice (0.026 * 0.000 ml/cm
H,O versus 0.025 = 0.002 ml/cm H,O, respectively). However,
compliance decreased more in response to inhaled methacholine
in the PBS-challenged APN~/~ mice compared with wild-type
mice (Figure 2B; P = 0.028 by repeated-measures ANOVA). As
seen in prior studies (37), there was an increase in airways
resistance in response to methacholine inhalation in both wild-
type and APN~/~ mice challenged with OVA compared with
mice challenged with PBS (Figure 2A). Wild-type mice chal-
lenged with OV A also had a decrease in dynamic lung compliance
in response to methacholine compared with PBS-challenged
mice. However, there was only a nonsignificant trend (P =
0.079 by repeated-measures ANOVA) toward a decrease in
compliance in APN~/~ mice challenged with OVA compared
with APN~/~ mice challenged with PBS (Figure 2B). There was
also a greater decrease in dynamic lung compliance in response to
methacholine in APN~/~ mice than in wild-type mice challenged
with OVA (P = 0.002 by repeated-measures ANOVA). Airway
resistance was not different between the genotypes, although
there was a trend toward higher resistance in the APN~/~ mice
(P = 0.11 by repeated-measures ANOVA). In summary, we
found that dynamic compliance is decreased in APN~/~ mice
compared with wild-type mice both at baseline and in response to
methacholine challenge in both PBS- and OV A-challenged mice.

APN Deficiency Increases Chemokine Secretion in the Lung

We analyzed lung expression of a panel of lung cytokine and
chemokines by quantitative RT-PCR of RNA isolated from the
lungs of APN~/~ and wild-type mice used in this model of chronic
asthma. There was no difference in cytokine or chemokine RNA
levels in PBS-challenged wild-type and APN~—/~ mice, although
there was a nonsignificant trend for increased TNF-a levels in the
APN~/~ mice (data not shown; P = 0.08). After OVA immuni-
zation and four weekly OVA challenges, cytokine (IL-4, IL-13,
IL-6, and TNF-a) and chemokine (CCL11/eotaxin-1, CCL24/
eotaxin-2, CCL2/monocyte chemoattractant protein (MCP)-1,
CCL7/MCP-3, CCL8/MCP-2, CCL12/MCP-5) levels increased in
both genotypes compared with PBS-challenged mice (Figures 3A
and 3B, and data not shown). However, there were threefold-
higher levels of CCL11 RNA transcripts, and a trend toward
higher CCL24 RNA transcripts in the lungs of APN~/~ mice than
in wild-type mice (Figure 3A). In addition, RNA levels of the
monocyte-active chemokines, CCL2, CCL7, and CCL12, were
nearly threefold higher in APN~/~ mice than in wild-type mice
(Figure 3B). There was no difference in RNA levels of CCLS,
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Figure 1. Increased chronic airway inflammation in adiponectin (APN)-deficient (—/—) mice. (A) Hematoxylin and eosin-stained lung sections of
wild-type (top panels: i, 100X magnification; iii, 200X magnification; v, 400X magnification) and APN~/~ mice (bottom panels: i, 100X
magnification; iv, 200X magnification; vi, 400X magnification) harvested after 4 weeks of ovalbumin (OVA) challenges. Extensively remodeled
vessels are indicated with closed arrows. Scale bars, 100 um. Further enlarged views of lungs from wild-type mice (vii) and APN~/~ mice (viii)
demonstrating eosinophils around the airways (open arrows). (B) Blinded histologic scoring of inflammation (scale of 0-4 [0 = normal, 4 = severe])
from wild-type and APN~/~ mice harvested after 4 weeks of OVA challenges (*P < 0.001 compared with wild-type mice; n = 10 mice per group
from two experiments). (C) Percentage and number of lymphocytes (Lym), monocytes/macrophages (Mono), neutrophils (PMN), and eosinophils
(Eos) in the bronchoalveolar lavage (BAL) fluid of wild-type and APN~/~ mice (*P < 0.05 compared with wild-type mice; n = 7 mice per group from
two experiments). (D) Percentage and number of CD4+, CD8*, CD4*/CD69*, and CD8*/CD69* lymphocytes in the BAL of wild-type and APN~/~
mice (*P < 0.05 compared with wild-type mice; n = 13 mice per group from three experiments).

IFN-v, IL-4, IL-5,IL-13, IL-6, and TNF-a between the genotypes
(data not shown). We also found threefold-higher levels of
CCL11 protein, and a trend toward higher CCL24 protein in
BAL samples from APN~/~ mice than from wild-type mice
(Figures 3C and 3D). These data suggest that increased chemo-
kine production in APN~/~ mice in this model of chronic asthma
leads to increased recruitment of eosinophils and monocytes into
the airways.

APN Suppresses Macrophage Production of CCL11

Lung macrophages are a critical source of CCL11 and CCL24
in allergic airway inflammation (41-47), suggesting that APN
could influence eosinophil recruitment via effects on lung
macrophages. To test this hypothesis, we measured CCL11
and CCL24 expression in bone marrow—derived murine macro-
phages stimulated with IL-4 and TNF-a (which has been shown
to maximally stimulate CCL11 and CCL24 production) (48, 49).
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Methacholine Dose mg/ml

experiments).

Methacholine Dose mg/ml
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Some cells were pretreated with APN at a level within the range
of serum and airway concentrations (10 wg/ml) that has been
used to investigate the effect of APN in vitro (29, 50). APN
pretreatment decreased the expression of CCL11 by nearly
eightfold, and led to a trend toward lower expression of
CCL24 in these cells after stimulation with IL-4 and TNF-«
(Figure 3E).

APN Deficiency Does Not Affect Apoptosis in the Lung

There is evidence to suggest that APN inhibits macrophage
phagocytic activity, including the ability to take up apoptotic
bodies (51). Therefore, we evaluated the number of apoptotic
cells using terminal desoxy nucleotidyl TUNEL analysis of the
lung. As seen in other studies (28), there was no significant dif-
ference in the number of apoptotic bodies identified in APN~/~
and wild-type mice after OV A immunization and challenge (data
not shown), suggesting that APN was not effecting apoptosis or
the clearance of apoptotic cells in this model.

APN Deficiency Does Not Affect Airway Fibrosis

Many patients with asthma develop subepithelial fibrosis in the
airways, a component of airway remodeling (52). Murine models
of chronic asthma mimic many of the structural changes seen in
the airways of humans with asthma, including airway fibrosis (53—
56). We therefore evaluated airway fibrosis in our model of
chronic asthma by Masson trichrome staining and Picrosirius red
staining. This analysis revealed similar amounts of collagen
deposition around the airways in lung sections from wild-type
and APN~/~ mice after OVA immunization and challenge
(Figure 4D, panels i and ii, and Figure 4A). Quantification of
the total collagen content in the lungs with the hydroxyproline
assay revealed a nonsignificant trend toward higher baseline
values of hydroxyproline in PBS-challenged APN~'~ mice com-
pared with wild-type mice (194.7 = 9.7 versus 158.2 + 10.6 p.g/ml,
respectively; P = 0.07;n = 3 lungs per group), but similar amounts

of total lung hydroxyproline in both wild-type and APN~/~ mice
after OV A challenges (Figure 4B).

APN Deficiency Increases Pulmonary Vascular Remodeling
and Pulmonary Hypertension

Although there was no difference in airway fibrosis between the
groups of mice in our chronic asthma model, we observed greater
pulmonary arterial remodeling (defined as thickening of the
arterial wall) in APN™/~ mice compared with wild-type mice
(Figure 4C). In the OV A-challenged APN~/~ mice, there was
greater thickening of the vessel walls (Figure 4E), with near
obliteration of the lumen by spindle-shaped cells (Figure 4D,
panels i and if). The cells filling the pulmonary vessels stained
positively for a-SMC actin (Figure 4F, panels i and ii), and many
of them expressed proliferating cell nuclear antigen (Figure 4F,
panel iii). These data suggest that proliferating SMCs narrow the
lumen of pulmonary vessels in APN™/~ mice in this model.
Consistent with the observed histologic changes, we measured
increased RVSP in both the APN™/~ and wild-type mice
after OVA immunization and challenge compared with PBS-
challenged mice with a greater increase in APN~/~ mice than in
wild-type mice (Figure SA). Of note, arterial oxygen levels were
normal in both wild-type and APN~/~ mice while animals were
breathing room air (data not shown).

We also measured lung RNA levels of several mediators
important for fibrosis and SMC proliferation. In this analysis,
we found an increase in the lung RNA levels of transforming
growth factor-B, platelet-derived growth factor (PDGF)-a, and
PDGF-B in OVA-challenged mice from both genotypes com-
pared with PBS-challenged mice, but we did not detect any
differences in the levels of these growth factors in OVA-
challenged wild-type mice compared with APN~/~ mice (Figure
5B). The levels of plasminogen activator inhibitor-1 were ele-
vated nearly twofold in the APN~/~ mice compared with wild-
type mice; however, this difference was not significant when
corrected for multiple comparisons.
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APN Deficiency Does Not Affect Pulmonary Vascular
Remodeling in Response to Hypoxia

To determine if the effects of APN deficiency on pulmonary
artery SMC (PASMC) proliferation seen after OVA challenge
were specific to chronic allergic inflammation, we analyzed the
effects of chronic hypoxia on pulmonary vascular remodeling
in the APN~/~ mice. Although chronic hypoxia induced pulmo-
nary vascular remodeling and pulmonary hypertension in both
APN~/~ and wild-type mice, there was no difference in the
degree of remodeling, as assessed by lung histology and a-SMC
staining (data not shown). Furthermore, prolonged hypoxia
increased RVSP in both wild-type and APN~/~ mice, and there
was no difference in the degree of pulmonary hypertension
between these two genotypes (Figure 5A).

DISCUSSION

There are multiple pathways linking metabolism to immunity (6),
suggesting that obesity may influence immune function and affect
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Figure 4. Changesin fibrosis and pulmo-
nary arteries in APN~/~ mice by prolifer-
ating smooth muscle cells (SMCs). (A) The
percentage area of lung sections that
stained positive for Picrosirius red is not
different in wild-type and APN~/~ mice
after OVA immunization and challenge
(n = 9 mice per group from two experi-
ments). (B) The concentration of hydrox-
yproline in the right lung is not different in
wild-type and APN~/~ mice after OVA
immunization and challenge (n = 10 mice
per group from two experiments). (C)
Blinded histologic scoring of vascular
obliteration in lung sections (scale of 0-4
[0 = normal, 4 = severe]) from wild-type
and APN~/~ mice harvested after 4 weeks
of OVA challenges (*P < 0.001 compared
with wild-type mice; n = 10 mice per
group from two experiments). (D) Tri-
chrome staining of lung sections from
wild-type (i, 400x) and APN~/~ mice (ii,
400X) (scale bars, 100 um; pictures are

*

—
Vascular
Remodeling

lWiId-}y e PBS representative from n = 10 mice per
E 60 O APN™- BBS group from two experiments). (F) Vascu-
§ 50 R=0.023 E\A\Il:l,lg_,ty %RVA lar wall thickening in preacinar blood
Eg p<0.001 by ANOVA vessels in lung sections from wild-type
235 40 and APN~/~ mice (P < 0.001 by ANOVA
= E between all four groups; P = 0.023 be-
i) 30 tween wild-type and APN—/~ mice after
§ g OVA challenge; n = 9 mice per OVA
ﬁ < group; n = '3 mice per naive group; frgm
2 two experiments). (F) Representative

staining for a-SMC actin in lung sections

from APN~/~ mice (i, 100X magnifica-
tion; ii, 400X magnification), demon-
strating positivity within the obliterated
pulmonary arteries. Representative stain-
ing for proliferating cell nuclear antigen in
a lung section from APN~/~ mice (iii,
400X  magnification), demonstrating
positivity in nuclei in cells (closed arrows)
surrounding and within the obliterated
pulmonary artery. Scale bars, 100 pm.

the course of inflammatory diseases, such as asthma. Studies in
humans and animals have supported a link between obesity and
asthma (3, 21), demonstrating potential effects of obesity on
airway inflammation (21, 57), AHR (7, 58), and remodeling (20).
However, the exact molecular mechanisms that explain this
association are not fully known. Our data demonstrate that
APN-deficiency, which mimics one component of the obese state,
enhances allergic airway inflammation in a murine model of
chronic asthma. Although APN deficiency did not seem to
modulate airway fibrosis in this model, surprisingly, we observed
a dramatic increase in pulmonary arterial muscularization asso-
ciated with pulmonary hypertension. Obesity has been linked to
pulmonary hypertension and pulmonary vascular remodeling,
and it is now recognized that lung inflammation is an important
component of the pathogenesis of some forms of pulmonary
hypertension (34, 59). Thus, our data suggest that APN deficiency
in obesity could also contribute to the development of pulmonary
hypertension in the setting of inflammatory lung disease.

In normal individuals, APN circulates at very high levels
(3-30 pg/ml), and is the most abundant adipose tissue—specific
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Figure 5. Changes in right ventricular systolic pressure (RVSP) and
growth factor expression in APN~/~ mice. (A) RVSP in wild-type and
APN~/~ mice measured after 4 weeks of OVA or PBS challenges (P <
0.001 by ANOVA; P = 0.0007 between wild-type and APN—/~ mice
after OVA challenge; n = 8 mice per group from two experiments).
RVSP in wild-type and APN~/~ mice measured after 3 weeks of hypoxia
(n = 6 mice per group from one experiment). (B) Growth factor RNA
expression in the lungs from APN~/~ mice and wild-type mice
harvested after 4 weeks of OVA or PBS challenges (n = 5 mice per
group from two experiments).

protein produced in humans (9). However, individuals with
obesity have low plasma APN levels, presumably due to feedback
mechanisms. APN has a wide range of metabolic, antiinflamma-
tory and antiproliferative activities (9), suggesting that decreased
APN levels may contribute to the increased inflammatory state in
obesity. Consistent with this, APN~/~ mice are predisposed to
diabetes, vascular disease, and ischemia-reperfusion injury (9-
11). Furthermore, APN seems to affect aspects of organ tissue
remodeling and vascular SMC proliferation in disease (9-11, 29).
It has been proposed that APN may be a “starvation signal” that
works to limit energy expenditure. Thus, secretion of APN in
times of limited nutrient reserve would suppress processes, such
as protein production and cellular proliferation, to preserve
cellular energy for other processes. It follows that, in APN-
deficient states, such as obesity, inflammation and remodeling
may be more robust due to a lack of this suppression.

Links between APN and lung disease are not well defined,;
however, a few recent studies have suggested that APN can
influence the development of airway inflammation (21, 28, 60).
APN is normally found at high levels in airway lining fluid, and
lung macrophages from APN~/~ mice have been shown to be
more activated at baseline compared with wild-type mice (28). In
addition, all of the four known receptors for APN, AdipoR1,
AdipoR2, T-cadherin, and calreticulin (51, 61, 62), are expressed
on multiple cell types in the lung, including macrophages,

endothelial cells, and SMCs. Thus, the molecular machinery
necessary for APN signaling exists in the lung and airways in
multiple cell types.

We initially examined the effects of APN deficiency in a model
of acute asthma, and found no differences in measures of airway
inflammation or AHR between wild-type and APN~/~ mice. We
next examined the effects of APN deficiency in a model of mild
chronic allergic airway inflammation, reasoning that APN de-
ficiency may have more of an impact over a long period of time,
and that mild inflammation would be less likely to reduce APN
levels in wild-type mice, as seen in the more intense acute model
of asthma. In addition, a model of chronic asthma may be more
relevant to obese patients with asthma. In this model, we did not
see a decrease in APN levels in wild-type mice, and APN~/~ mice
had an increase in airway inflammation associated with increased
accumulation of eosinophils and monocyte/macrophages in the
airways. Consistent with the increased cellular recruitment, there
were increased levels of the chemokines, CCL11, CCL2, CCL7,
and CCL12, in the lung, providing a possible mechanism for the
increased airway inflammation observed in APN~/~ mice. Our
data are consistent with recent human data, which revealed
an inverse correlation between serum APN levels and CCL11
levels in patients with obesity (60). Alveolar macrophages from
APN~/~ mice have recently been shown to spontaneously pro-
duce more TNF-a than wild-type cells (28), which may contribute
to increased CCL11 production in the lung. However, we did
not see increased spontaneous levels of CCL11 or CCL24
in PBS-challenged mice, though, the eotaxins require IL-4/-13
either alone or in combination with TNF-a to be up-regulated
(42, 48, 49).

CCL11 is produced by multiple cell types in the lung during
allergic inflammation, including macrophages (41-47). Previous
data indicate that APN can influence immune responses through
actions on NF-«kB signaling in macrophages (63), a cellular
pathway that has been linked to the development of allergic
inflammation and CCL11 production (48, 49, 64). Furthermore,
in vitro studies on macrophages have demonstrated that APN
inhibits NF-«kB activation and the production of IFN-y, CXCL10/
IFN-vy—inducible 10-kD protein, and TNF-a (50, 51). Similar
to this, we demonstrate a significant reduction in IL-4/TNF-
a-induced CCL11 expression in bone marrow—derived macro-
phages after APN pretreatment. Overall, these data suggest that
APN may modulate allergic inflammation in part via effects on
CCL11 and reduced eosinophil recruitment.

AHR develops in response to airway inflammation in this
model of chronic asthma (37). We also saw a modest increase in
AHR in both wild-type and APN~/~ mice, as measured by
changes in airways resistance and dynamic compliance in re-
sponse to methacholine. OVA-challenged APN~/~ mice had
a greater change in compliance in response to methacholine than
OVA-challenged wild-type mice, whereas airways resistance
increased in response to methacholine to a similar degree in both
genotypes. Prior studies have demonstrated that C57BL/6 mice
are more likely to manifest AHR with changes in dynamic
compliance rather than airways resistance, reflecting a propensity
for small airway inflammation in this strain in asthma models (65).
Thus, our data might suggest that the greater change in dynamic
compliance in APN~/~ mice could reflect an increase in small
airway inflammation. However, PBS-challenged APN~/~ mice
also have a greater decrease in compliance compared with PBS-
challenged wild-type mice in response to methacholine. This
suggests that there is a baseline decrease in dynamic compliance
in mice with APN deficiency, which may also explain the differ-
ences between wild-type and APN '~ mice after OV A challenge.
Recent data suggest that naive APN~/~ mice develop spontane-
ous emphysema with macrophage activation (28, 66); thus, the
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decrease in dynamic lung compliance may be due to anincrease in
small airway closure from reduced lung elastic recoil and/or an
increase in baseline airway reactivity. We did not see significant
airspace enlargement in our APN '~ mice; however, quantitative
measurements of mean airspace chord length were not performed
in our studies.

The most unexpected finding in our study was the dramatic
increase in pulmonary arterial muscularization and pulmonary
hypertension seen in the APN~/~ mice relative to wild-type mice
in the model. In models of atherosclerosis, APN~/~ mice develop
increased vascular SMC proliferation in systemic arteries (35),
but our study is the first to report similar changes in the pulmonary
vasculature. Although asthma is not usually associated with the
development of pulmonary vascular disease, inflammation is now
recognized as an important stimulus for the development of
pulmonary hypertension (30, 32-34). Interestingly, lung vascular
remodeling has been reported in humans with asthma (in small
vessels associated with inflamed airways) (67-71), and more
recently in murine models of allergic airway inflammation (30—
33). Male apolipoprotein E—deficient mice on a high-fat diet
develop pulmonary hypertension associated with lower APN
levels compared with wild-type mice (29). Treatment of these
mice with the peroxisome proliferator—-activated receptor-y
activator, rosiglitazone, resulted in higher plasma APN levels
and complete regression of pulmonary hypertension and pulmo-
nary artery remodeling. Thus, these data suggest that APN may
modulate PASMC proliferation and/or migration in response to
inflammation or injury.

Eosinophils and macrophages are an important source of
growth factors in allergic inflammation, and are essential for
airway remodeling in asthma (53, 54, 72-74). Thus, it is possible
that the increased accumulation of these cells in APN~/~ lungs
may contribute to the more intense pulmonary vascular remod-
eling found in APN~/~ mice via enhanced growth factor pro-
duction. We did see an increase in the RNA levels of several
growth factors important in remodeling and SMC proliferation
(e.g., transforming growth factor-B, PDGF-a, PDGF-B, and
plasminogen activator inhibitor-1) after OVA challenge in both
wild-type and APN~/~ mice; however, there was no difference
in the levels of these factors between the two genotypes. These
differences do not exclude differences in protein levels, growth
factor activation (or activity), or microanatomical differences
(i.e., around blood vessels) of these factors. In addition, recent
in vitro studies have demonstrated that APN inhibits growth
factor-mediated proliferation of murine PASMCs (29). Growth
factors stimulate SMC proliferation in part through effects
on the mammalian target of rapamycin—S6 kinase pathway
(75-77), and APN has been shown to inhibit growth factor—
mediated stimulation of mammalian target of rapamycin via
AMPK activation (11, 78-83). Thus, the loss of direct suppres-
sive effects of APN on PASMC proliferation could lead to
the increase in pulmonary arterial muscularization found in
APN~/~ mice, independent of differences in inflammation or
growth factor activity.

If the increase in PASMC proliferation seen after OVA
challenge resulted largely from direct effects on PASMC, we
might expect to see similar changes in the vessels with other
models of pulmonary vascular remodeling. However, in the
hypoxia model of pulmonary hypertension, APN~/~ mice de-
veloped an amount of remodeling and pulmonary hypertension
similar to that of wild-type mice. Although these data might
suggest that the effects of APN deficiency on pulmonary vascular
remodeling may be specific to allergic inflammation, recent
studies have demonstrated that hypoxia suppresses APN secre-
tion in wild-type mice (84-86); thus, any differences between
wild-type and APN~/~ mice may be attenuated.

In conclusion, our data suggest that low APN levels may
increase asthmatic inflammation in obese individuals. We also
observed the unexpected and novel finding of an increase in
pulmonary arterial muscularization and pulmonary hypertension
with APN deficiency in allergic inflammation, suggesting that
coexisting inflammatory lung disease and obesity may predispose
individuals to pulmonary hypertension due, in part, to reduced
plasma APN levels.
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