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Obese mice have increased responses to acute ozone (O3) exposure.
T-cadherin is a binding protein for the high–molecular weight
isoforms of adiponectin, an anti-inflammatory hormone that de-
clines in obesity. The objective of the present study was to deter-
mine whether adiponectin affects pulmonary responses to O3, and
whether these effects are mediated through T-cadherin. We per-
formed bronchoalveolar lavage (BAL) and measured pulmonary
responsiveness to methacholine after acute air or O3 exposure
(2 ppm for 3 h) in adiponectin-deficient (Adipo2/2) or T-cadherin–
deficient (T-Cad2/2) mice. O3 increased pulmonary responses to
methacholineand increasedBALneutrophilsandproteintoagreater
extent in wild-type than in Adipo2/2 mice, whereas T-cadherin
deficiency had no effect. O3-induced increases in BAL IL-6 and
keratinocyte-derived chemokine (KC), which contribute to O3-
induced pulmonary neutrophilia, were also greater in wild-type than
in Adipo2/2 mice. In contrast, responses to O3 were not altered by
transgenic overexpression of adiponectin. To determine which
adiponectin isoforms are present in the lung, Western blotting was
performed. The hexameric isoform of adiponectin dominated in
serum, whereas BAL was dominated by the high–molecular weight
isoform of adiponectin. Interestingly, serum adiponectin was
greater in T-Cad2/2 versus wild-type mice, whereas BAL adiponectin
was lower in T-Cad2/2 versus wild-type mice, suggesting that
T-cadherin may be important for transit of high–molecular weight
adiponectin from the blood to the lung. Our results indicate that
adiponectin deficiency inhibits pulmonary inflammation induced
by acute O3 exposure, and that T-cadherin does not mediate the
effects of adiponectin responsible for these events.
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Obesity is a risk factor for asthma. Obesity increases the prev-
alence and incidence of asthma, and worsens asthma control,
whereas weight loss in obese individuals with asthma results
in fewer asthma symptoms, increased airflow rates, and better
asthma control (see recent reviews in Refs. 1 and 2). Obese
subjects also experience greater decrements in pulmonary func-
tion after exposure to ozone (O3) (3, 4), a common air pollutant
that can act as a trigger for asthma (5, 6). Greater O3-induced
pulmonary injury and inflammation and augmented O3-induced
airway hyperresponsiveness (AHR) are also observed in obese
versus lean mice (7–10). The mechanistic basis for these en-
hanced responses to O3 remains to be established.

Adiponectin is an insulin-sensitizing hormone synthesized in
adipose tissue, which paradoxically declines with obesity (11, 12).
Adiponectin is found in serum as three distinct oligomers: a
trimer, a hexamer, and an even higher molecular weight (HMW)
species. These isoforms differ in their bioactivity and degra-
dation (13, 14), and HMW adiponectin correlates better than
total adiponectin with body mass index and with measures of
insulin sensitivity (15). Importantly, adiponectin can have anti-
inflammatory effects. It inhibits expression of certain inflam-
matory genes, including TNF-a, while augmenting expression of
other anti-inflammatory genes, such as IL-10, and inhibiting
extracellular signal–regulated kinase activation (16–18). The anti-
inflammatory effects of adiponectin include effects that impact
the lungs, as we have shown that, in mice, exogenous adminis-
tration of adiponectin results in an almost complete suppression
of allergen-induced AHR, airway inflammation, and Th2 cyto-
kine expression in the lung (19). Similarly, others have recently
reported that adiponectin deficiency augments allergic airways
inflammation in mice (20). Hence, it is possible that reductions
in the anti-inflammatory effects of adiponectin in obesity result
in augmented O3-induced inflammation.

Three adiponectin-binding proteins have been cloned: Adi-
poR1, AdipoR2, and T-cadherin (21, 22). T-cadherin, a member
of the cadherin family of cell–cell adhesion molecules, is a
glycosylphosphatidylinositol-anchored extracellular protein, lack-
ing an intracellular domain (23). It is highly expressed on endo-
thelial and smooth muscle cells, in the nervous system (23, 24),
and has also been reported in type 2 alveolar epithelial cells (25).
Hug and colleagues (22) have previously reported that T-cadherin
acts as a receptor for the HMW forms of adiponectin. Importantly,
adiponectin associates with vascular endothelial cells in wild-
type mice (24), including pulmonary vascular endothelial cells
(26), but this adiponectin binding is absent in mice deficient in
T-cadherin (24).

The purpose of this study was to determine whether the
absence of adiponectin alters the pulmonary effects of O3, and
to determine whether T-cadherin mediates the pulmonary
effects of adiponectin. Contrary to our expectations, we found
that adiponectin deficiency reduced the pulmonary responses to
acute O3 exposure. The effects of adiponectin did not appear to
be mediated via adiponectin binding to T-cadherin, at least
under these conditions. However, T-cadherin was required for

CLINICAL RELEVANCE

Obesity increases the pulmonary responses to ozone (O3),
an air pollutant that can trigger asthma. Adiponectin is an
adipose tissue–derived hormone that declines in obesity.
Our results indicate that adiponectin deficiency attenuates
pulmonary responses to acute O3 exposure in mice. Our
results also suggest that T-cadherin, an adiponectin-binding
protein, may be important for transit of adiponectin from
the blood into the lung.
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uptake of HMW isoforms of adiponectin from the blood into
the lung.

MATERIALS AND METHODS

Animals

These studies were approved by the Harvard Medical Area Standing
Committee on Animals. Wild-type mice and mice genetically deficient
in adiponectin (Adipo2/2) or T-cadherin (T-Cad2/2) were used.
Adipo2/2 mice were obtained from Dr. Yuji Matsuzawa (27). Because
these mice were on a C57BL/6J background, C57BL/6 mice from
Jackson Laboratory (Bar Harbor, ME) were used as wild-types for
comparison. T-Cad2/2 mice were generated as described previously
(24). As these mice were generated on a C57BL/6 Taconic background,
C57BL/6 mice from Taconic Farms (Germantown, NY) were used for
comparison. WT, Adipo2/2, and T-Cad2/2 mice used for functional
studies were all male. Mice used for lung histology were mixed male
and female. Adiponectin transgenic (Adipo Tg) mice were generated
as previously described (28). Adipo Tg mice were bred with C57BL/6J
mice. Adipo Tg mice from these matings were exposed to O3 along
with their transgene negative siblings that were used as wild-type
controls. Adipo Tg mice and their controls were female. All mice were
used between 8 and 13 weeks of age.

Protocol

Several series of experiments were performed. In the first, wild-type
and Adipo2/2 mice were anesthetized and instrumented for the
measurement of pulmonary mechanics and responsiveness 24 hours
after O3 (2 ppm for 3 h) or room air exposure. We chose 24 hours after
exposure because it is when O3-induced AHR is commonly observed in
C57BL/6 mice (29). Pressure–volume (PV) curves were also obtained
in these mice before administration of methacholine. In addition, blood
was collected and bronchoalveolar lavage (BAL) was performed. In
a second cohort of wild-type and Adipo2/2 mice, we performed BAL 4
hours rather than 24 hours after O3 or air exposure to assess the effects
of adiponectin deficiency on O3-induced changes in BAL chemokines
and cytokines that have been shown to be required for O3-induced
neutrophil recruitment to the lung. We chose 4 hours after exposure for
these studies because we have previously shown that, whereas O3-
induced changes in BAL protein and neutrophils continue to increase
through 24 hours after exposure, changes in many O3-induced cyto-
kines and chemokines peak earlier and then decline to near-basal levels
by 24 hours (8, 9, 30). We also examined lung histology in a third
cohort of air- and O3-exposed wild-type and Adipo2/2 mice. In a fourth
series of experiments, we examined Adipo Tg mice and their wild-type
controls 4 hours after exposure to O3 (2 ppm for 3 h), and examined
O3-induced changes in BAL chemokines and cytokines. Finally, O3-
induced AHR and neutrophil recruitment were studied 24 hours after
air or O3 exposure (2 ppm for 3 h) in wild-type and T-Cad2/2 mice.

O3 Exposure

For O3 exposure, conscious mice were placed into individual wire mesh
cages inside a stainless steel and Plexiglas exposure chamber and
exposed for 3 hours to 2 ppm O3. Mice were then returned to their
home cages, where they had access to food and water ad libitum for 24
hours until being examined. For room air exposures, a separate but
identical exposure chamber was used. Details of the O3 exposure and
monitoring system have been described previously (7).

Pulmonary Mechanics Measurements

At 24 hours after exposure to O3 or room air, mice were anesthetized
with xylazine (7 mg/kg) and pentobarbital sodium (50 mg/kg). The
trachea was cannulated with a tubing adaptor, and the tail vein was
cannulated for the delivery of acetyl-b-methylcholine chloride (Sigma-
Aldrich Co., St. Louis, MO). The mice were artificially ventilated
(flexiVent; SCIREQ Inc., Montreal, PQ, Canada) at 150 breaths/min
with a tidal volume of 0.3 ml. A wide incision in the chest wall was
made bilaterally to expose the lungs to atmospheric pressure, and
a positive end-expiratory pressure was applied by placing the expira-
tory line under 3 cm of water. Lungs were inflated to three times tidal

volume to standardize volume history before each maneuver. Because
differences in lung elastance (H) of Adipo2/2 mice have been reported
(31), we obtained quasistatic PV curves of the lung by introducing
successive increments in volume, approximately 0.11 ml, from end-
expiratory volume. Airway opening pressure was measured after each
increment in volume was held for 1 second. Baseline pulmonary me-
chanics and responses to intravenous methacholine were then ob-
tained by the forced oscillation technique, as previously described (9).
After PBS (1 ml/g) or methacholine was injected, we measured pul-
monary resistance (with a sinusoidal forcing function at a frequency of
2.5 Hz every eighth breath) until resistance peaked. At that point,
measurements of lung impedance (ZL) were obtained by forced oscil-
lation with a sinusoidal forcing function containing frequencies
ranging from 0.25 to 19.63 Hz. A parameter estimation model (32)
was used to partition ZL into components representing airway re-
sistance (Raw), the coefficients of lung tissue damping (G) and H, and
lung tissue hysteresivity, eta. We and others have previously reported
that real and imaginary parts of ZL as a function of frequency conform
well to this model (33, 34).

BAL

Once measurements of pulmonary mechanics were complete, the lungs
were lavaged twice with 1 ml PBS/0.6 mM EDTA. The BAL was
centrifuged, and total BAL cells and differentials were assessed as
previously described (9, 35). The BAL supernatant was frozen at
2808C. Total BAL protein was subsequently determined spectropho-
tometrically according to the Bradford protein assay procedure (Bio-
Rad, Hercules, CA). BAL and serum adiponectin were analyzed by
ELISA (R&D Systems, Minneapolis, MN) and by Western blotting
(see subsequent text). For the 4 hours after O3 experiments, we also
measured keratinocyte-derived chemokine (KC) and IL-6 in the BAL
fluid by ELISA or Duoset ELISA development systems (R&D
Systems), as these substances have been shown to be required for
neutrophil recruitment in this model (36, 37). We also measured BAL
monocyte chemotactic protein 1 (MCP-1) and eotaxin by ELISA or
Duoset ELISA (R&D Systems). MCP-1 has been reported to play
a role in monocytic cell recruitment after O3 exposure (38), but is also
a neutrophil chemotactic factor. In the case of the Adipo Tg mice, we
also measured macrophage inflammatory protein-2 (MIP-2), another
neutrophil chemotactic agent, by a Duoset ELISA development system
(R&D Systems).

Blood Collection

Blood was collected from the heart via puncture of the right ventricle.
Serum was isolated and stored at 2208C until being analyzed.

Histology

Lungs of some mice were fixed for histological assessment as follows.
After mice were killed, the trachea was cannulated and attached to
a system with a syringe containing 4% buffered paraformaldehyde and
connected to a manometer to monitor the insufflation pressure. Lungs
were slowly insufflated with paraformaldehyde until 20 cm H2O of
pressure was achieved. The trachea was occluded with a suture silk, and
the lungs were removed from the chest cavity en bloc and submerged
into the fixative solution for up to 24 hours, followed by washing with
PBS and storage in 70% ethanol. Two sections were made in the left
lobe: one mid-saggital, and the other transversally at mid position.
Lung slices were embedded in paraffin, sectioned, and stained with
hematoxylin and eosin (H&E). Lungs used for histology did not
undergo BAL or measurements of pulmonary mechanics.

In lungs of air-exposed wild-type, Adipo2/2, and T-Cad2/2 mice,
mean linear intercepts (MLIs) were obtained by counting the number
of times the parenchymal wall intercepted a straight line (180 mm)
using a graticule attached to a light microscope eyepiece, whereas
sections were observed under 4003 magnification (39, 40). MLI was
calculated as MLI 5 L/I, where I is the number of intercepts and L is
the length of line. We counted 5 lines per field and 10 fields per mouse.
An average value was computed for each mouse from those 10 fields,
and statistical analysis was performed with those average values.

Based on the data of others who reported age-related pulmonary
vascular inflammation in Adipo2/2 mice (26), we also prepared H&E-
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stained histological sections of lungs from O3-exposed wild-type and
Adipo2/2 mice to determine whether there were differences in the
impact of O3 on the pulmonary vasculature. For these experiments,
mice were exposed to O3 (2 ppm) for 3 hours and killed 4 hours after
cessation of exposure.

Western Blotting

Qualitative analysis of serum and BAL adiponectin isoforms from
wild-type, Adipo2/2, and T-Cad2/2 mice were performed by Western
blot. Serum (1 ml) or 30 ml BAL fluid was added to an appropriate
volume of 23 SDS sample buffer without reducing agents (Invitrogen,
Carlsbad, CA), mixed, incubated at room temperature for 5 minutes,
separated on 1.5 mm 4–12% PAGE in 2-(N-morpholino)ethanesul-
fonic acid (MES) buffer (Invitrogen) at 30 V for 10 hours, and
transferred to nitrocellulose membrane (12 V for 6 h; Idea Scientific
blotter; Idea Scientific, Minneapolis, MN) with 10% methanol supple-
mented NuPage transfer buffer (Invitrogen). The membrane was
blocked in 0.1% Tween-20/PBS supplemented with 5% milk and 2%
donkey serum at 48C overnight. Anti-globular adiponectin antiserum,
generated by immunizing a rabbit with bacterially expressed globular
mouse adiponectin with no additional fusion protein tag, was applied at
a final concentration of 1:2,000 in blocking solution and incubated
with shaking for 2 hours at room temperature. The blot was washed for
15 minutes three times in 0.1% Tween-20/PBS at room temperature.
Secondary antibody (1:2,000 donkey anti-rabbit horseradish peroxidase
conjugated; Amersham, Piscataway, NJ) was applied in blocking
solution for 1 hour at room temperature, and the blot was again
washed. The membrane was developed with West Pico chemilumines-
cent reagent (Pierce, Rockford, IL) and exposed for varying lengths
of time to X-ray film. The relative migration of molecular weight
standards (SeeBlue2; Invitrogen) was used to identify the trimer,
hexamer, and HMW species.

Quantitative Real-Time RT-PCR

Once BAL was completed, the lungs were harvested and the right lung
was immersed in RNAlater solution (QIAGEN, Valencia, CA) and
stored at 48C for 24 hours, then transferred to another clean tube and
stored at 2808C. RNA was extracted with a rotor–stator homogenizer
in lysis buffer (supplied in the kit) with 2-mercaptoethanol and purified
(RNeasy RNA extraction kit; QIAGEN) after DNase I digestion of
genomic DNA. Total RNA was eluted with 50 ml of water and
quantified (Nanodrop; ThermoScientific, Waltham, MA). Complemen-
tary DNA was prepared from 1 mg of total RNA by using SuperScript
III First Strand kit with random hexamer primers (Invitrogen).
Quantitative real-time PCR was performed to evaluate the mRNA
expression of AdipoR1 (59-CTTCTACTGCTCCCCACAGC-39 and
59-TCCCAGGAACACTCCTGCTC-39) and AdipoR2 (59-CGGTGT
ACTGCCACTCAGAA-39 and 59-CATGTCCCACTGAGAGACGA-
39) with an RT-PCR thermocycler (ABI 3700; Applied Biosystems,
Foster City, CA) and detected with SYBR Green (Bio-Rad). AdipoR1
and AdipoR2 mRNA expression values were normalized to 18S RNA

expression (primers: 59-CTAACCCGTTGAACCCATT-39 and 59-CC
ATCCAATCGGTAGTAGCG-39) by the DDCt method (41).

Statistical Analysis

Comparisons of pulmonary mechanics and BAL and serum parameters
were assessed by factorial ANOVA, with genotype and exposure as the
main effects. Fisher’s least significant difference test was used as a
follow-up to determine the significance of differences between indi-
vidual groups. STATISTICA software (StatSoft, Tulsa, OK) was used
to perform all statistical analyses. The results are expressed as means
(6SE), except where noted. Comparison of AdipoR1 and AdipoR2
expression was by unpaired t test. A P value less than 0.05 was con-
sidered significant.

RESULTS

No genotype-related differences in body weight were observed in
air-exposed mice. There was a small decrease in body weight in
all groups of O3-exposed mice compared with their air-matched
controls, which reached significance in one wild-type group
(Table1). This O3-induced decline in body weight has been
previously reported (42, 43): mice substantially reduce their
activity level after acute O3 exposure, including food seeking.

In air-exposed mice, quasistatic lung elastance (Estat) mea-
sured over the deflation portion of the PV curve from functional
residual capacity to functional residual capacity plus 0.3 ml was
approximately 15% lower in Adipo2/2 mice than in wild-type
mice (Table 1). Measures of pulmonary parenchymal oscillation
mechanics (G and H) were also lower in Adipo2/2 versus wild-
type mice, although this only reached statistical significance
for G, but not H. The reduction in Estat is consistent with reports
by Summer and colleagues (31). This group also reported an
increase in MLI on lung histological sections, consistent with an
emphysema-like condition. To confirm these observations, we
measured MLI in histological sections of wild-type and Adipo2/2

mice exposed to air. Our results indicate a significant increase in
MLI in Adipo2/2 versus wild-type mice (Figure 1A).

O3 exposure significantly increased Raw in Adipo2/2 mice,
but did not affect measures of pulmonary parenchymal me-
chanics. In wild-type mice, responsiveness to intravenous meth-
acholine was greater in mice exposed to O3 (2 ppm for 3 h)
versus room air (Figure 2). O3 augmented the changes in G, H,
and eta (the ratio of G:H) that were induced by methacholine,
whereas changes in Raw were not altered. O3-induced increases
in responsiveness to methacholine, as measured by changes in
G, H, and eta, were reduced in Adipo2/2 versus wild-type mice
(Figure 2).

TABLE 1. BODY WEIGHT AND BASELINE PULMONARY MECHANICS OF WILD-TYPE, ADIPONECTIN-
DEFICIENT, AND T-CADHERIN–DEFICIENT MICE EXPOSED TO ROOM AIR OR OZONE

Genotype Weight (g) Raw (cm H2O/ml/s) G (cm H2O/ml) H (cm H2O/ml) Estat (cm H2O/ml)

Wild-type, Air 28.4 6 1.9 0.23 6 0.02 2.94 6 0.24 18.9 6 1.0 14.8 6 0.5

Adipo2/2, Air 31.0 6 1.1 0.18 6 0.02 2.25 6 0.15* 15.6 6 0.7 12.4 6 0.5*

Wild-type, O3 27.0 6 1.0 0.24 6 0.02 3.31 6 0.12 20.4 6 1.0 14.4 6 0.5

Adipo2/2, O3 28.6 6 1.0 0.24 6 0.01† 2.65 6 0.19* 18.0 6 1.7 13.2 6 0.6

Wild-type, Air 29.8 6 1.0 0.24 6 0.01 3.17 6 0.21 20.8 6 0.6 15.9 6 0.3

T-Cad2/2, Air 30.3 6 0.7 0.23 6 0.01 3.00 6 0.25 19.9 6 0.8 15.5 6 0.5

Wild-type, O3 24.8 6 0.8† 0.30 6 0.01† 3.39 6 0.11 21.6 6 0.9 16.1 6 0.3

T-Cad2/2, O3 29.2 6 0.8* 0.27 6 0.02† 3.21 6 0.15 24.2 6 0.7†* 17.1 6 0.4†

Definition of abbreviations: Adipo2/2, adiponectin deficient; Estat, static elastance of the lung; G, coefficient of lung tissue

damping; H, coefficient of lung tissue elastance; O3, ozone; Raw, airway resistance; T-Cad2/2, T-cadherin–deficient.

Results are means (6SE) of data from 6–10 mice in each group. Measurements were made 24 hours after exposure to room air

or to O3 (2 ppm for 3 h).

* P , 0.05 versus wild-type mice with the same exposure.
† P , 0.05 versus air exposed mice of the same genotype.
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Compared with air exposure, BAL neutrophils, epithelial
cells, and total BAL protein concentration, a measure of O3-
induced lung injury, were increased 24 hours after O3 exposure
(Figure 3). The O3-induced changes in both BAL protein and
BAL neutrophils were lower in Adipo2/2 versus wild-type
mice, whereas O3-induced changes in macrophages and epithe-
lial cells were not different in wild-type versus Adipo2/2 mice.

O3-induced changes in BAL neutrophils are a hallmark of
O3-induced inflammation. To determine how adiponectin de-
ficiency resulted in decreased recruitment of neutrophils by O3,
we measured KC and IL-6 in BAL fluid, as each of these factors
has been shown to be produced in the lungs after acute O3

exposure in mice, and to be involved in the O3-induced
neutrophil influx induced by acute O3 exposure in mice (36,
37). KC and IL-6 were measured 4 hours, rather than 24 hours,
after O3 exposure, because we have previously shown that they
are induced early after O3 exposure and then decline to near-
baseline (air-exposed) levels by 24 hours (8, 9, 30). Compared

with air, O3 exposure resulted in an increase in BAL KC and
IL-6 (Figures 4A and 4B), as previously reported (8, 9, 30). O3-
induced changes in BAL KC and IL-6 were significantly lower
in Adipo2/2 versus wild-type mice. We also examined BAL
MCP-1 and eotaxin, two other chemokines that are induced by
acute O3 exposure (8, 9, 30). Similar to the results obtained with
KC and IL-6, O3-induced increases in MCP-1 and eotaxin were
reduced in Adipo2/2 versus wild-type mice (Figures 4C and 4D).

To determine whether adiponectin overexpression had op-
posing effects on responses to acute O3 exposure, we exposed
Adipo Tg mice and littermate control animals to O3 (2 ppm for
3 h). BAL was performed 4 hours after exposure. Serum
adiponectin levels were approximately 16 times higher in Adipo
Tg versus wild-type mice (161.4 6 5.6 versus 9.5 6 0.2 ug/ml,
respectively; P , 0.0001). Nevertheless, adiponectin overex-
pression had no effect on changes in cytokines and chemokines
induced by acute O3 exposure (Figure 5). At 4 hours after
cessation of exposure, BAL IL-6, KC, MIP-2, and eotaxin were

Figure 1. Mean liner intercept of lung sections
from wild-type and adiponectin-deficient

(Adipo2/2) (A) or wild-type and T-cadherin–

deficient (T-Cad2/2) (B) mice exposed to air.

Results are mean (6SE) of data from 6–8 mice
per group. *P , 0.05 versus wild-type mice.

Figure 2. Changes in airway resistance (Raw),

the coefficients of lung tissue damping (G) and
lung elastance (H) and the ratio of G:H (eta)

induced by intravenous methacholine in wild-

type (WT) (C57BL/6) and Adipo2/2 mice 24
hours after exposure to air or ozone (O3; 2 ppm

for 3 h) (n 5 6–11 mice for each group). *P ,

0.05 compared with genotype-matched air-

exposed controls; #P , 0.05 versus Adipo2/2

mice with the same exposure.
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similar in O3-exposed Adipo Tg mice versus O3-exposed wild-
type control animals.

To determine whether the effects of adiponectin deficiency
described previously here (Figures 1–4, Table 1) were medi-
ated via adiponectin binding to T-cadherin, we examined the
effect of acute O3 exposure on T-Cad2/2 mice. In contrast to
the reduction in pulmonary parenchyma mechanics observed in
air-exposed Adipo2/2 versus wild-type mice, we observed no

difference in baseline Estat, G, or H in air-exposed T-Cad2/2

versus wild-type mice (Table 1). Consistent with these obser-
vations, there was also no difference in MLI in wild-type versus
T-Cad2/2 mice (Figure 1B).

O3 exposure increased measures of lung stiffness (Estat and
H) in T-Cad2/2 mice, but not in wild-type mice. In contrast
to the effect of adiponectin deficiency, which attenuated O3-
induced hyperresponsiveness (Figure 2), O3-induced changes

Figure 3. Total protein concentration (A) and total num-

ber of macrophages (B), neutrophils (C), and epithelial

cells (D) in bronchoalveolar lavage (BAL) fluid of WT
(C57BL/6) and Adipo2/2 mice 24 hours after exposure

to air or O3 (2 ppm for 3 h) (n 5 6–11 mice for each

group). *P , 0.05 compared with genotype-matched, air-

exposed controls; #P , 0.05 versus WT mice with the
same exposure.

Figure 4. BAL concentrations of IL-6 (A), KC (B), MCP-1

(C ), and eotaxin (D) in WT and Adipo2/2 mice 4 hours

after exposure to air or O3 (2 ppm for 3 h) (n 5 5–7 mice
in each group). *P , 0.05 compared with genotype-

matched, air-exposed controls; #P , 0.05 versus WT mice

with the same exposure.
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in responsiveness were not affected by T-cadherin deficiency
(Figure 6). We also failed to observe any reduction in O3-
induced changes in BAL protein and BAL neutrophils in
T-Cad2/2 versus wild-type mice (Figure 7), even though both
BAL protein and neutrophils were lower in Adipo2/2 mice
versus wild-type mice (Figure 3). We considered the possibility
that, because the mice were deficient in T-cadherin from birth,
adaptive changes in other adiponectin-binding proteins could
have occurred during development, but no difference in ex-
pression of either AdipoR1 or AdipoR2 mRNA, determined by
quantitative RT-PCR, was observed between wild-type versus
T-Cad2/2 mice (data not shown).

To determine which adiponectin isoforms are present in the
lung, Western blotting for adiponectin was performed on BAL
fluid from air-exposed lungs (Figure 8). We also examined
serum for comparison. BAL and serum from Adipo2/2 mice
were used as negative controls. Serum of air-exposed wild-type
mice contained mainly the hexameric form of adiponectin, with
smaller amounts of the trimer and HMW forms (Figure 8A).
However, the adiponectin isoform distribution in BAL fluid was
different from that observed in serum (Figure 8B). Notably,
HMW adiponectin dominated the BAL fluid with somewhat
lesser amounts of hexamer. With longer blot exposure times
(Figure 8C), a small amount of trimer was also observed. Be-
cause T-cadherin deficiency has been reported to increase se-
rum adiponectin (24), we also examined BAL and serum from
T-Cad2/2 mice. We observed an increase in serum adiponectin
in T-Cad2/2 mice: all three adiponectin isoforms were increased
(Figure 8A). However, T-cadherin deficiency resulted in a
marked attenuation of adiponectin in BAL fluid (Figure 8B).
With longer blot exposure times, we could observe some
adiponectin in BAL of T-Cad2/2 mice; however, the hexamer
now dominated the HMW adiponectin (Figure 8C). These
results were confirmed by ELISA (Figure 9). There was a
marked increase in serum adiponectin in T-Cad2/2 mice versus
wild-type mice whether the mice were exposed to air or to O3

(Figure 9A). In contrast, BAL adiponectin was significantly
lower in T-Cad2/2 versus wild-type mice exposed to air,
whereas, in mice exposed to O3, this difference was largely
abolished, for the most part because of an increase in BAL
adiponectin in the T-Cad2/2 mice (Figure 9B).

DISCUSSION

Our results indicate that pulmonary responses to acute O3

exposure are reduced in Adipo2/2 versus wild-type mice: O3-

Figure 5. BAL concentrations of IL-6, KC, MIP-2, and eotaxin in

adiponectin transgenic and WT mice 4 hours after exposure to O3

(2 ppm for 3 h) (n 5 6 mice/group).

Figure 6. Changes in airway resistance (Raw), the G and H

and eta induced by intravenous methacholine in WT
(C57BL/6) and T-Cad2/2 mice 24 hours after exposure

to air or O3 (2 ppm for 3 h) (n 5 7–10 mice for each

group). *P , 0.05 compared with genotype-matched, air-
exposed controls; #P , 0.05 versus WT mice with the

same exposure.
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induced pulmonary responsiveness to intravenous methacho-
line, O3-induced lung injury (as assessed by increases in BAL
protein), O3-induced inflammation (as assessed by increases in
BAL neutrophils), and O3-induced increases in IL-6, KC, MCP-1,
and eotaxin were all lower in Adipo2/2 than in wild-type
mice (Figures 2–4). In contrast to the effects of adiponectin
deficiency, responses to acute O3 exposure were not different in
wild-type versus T-Cad2/2 mice (Figures 6 and 7). The results
indicate that adiponectin deficiency inhibits responses to acute
O3 in the lung, but indicate that the effects of adiponectin, the
deficiency of which results in reduced responses to O3, are not
mediated by signaling pathways involving T-cadherin, suggest-
ing that other adiponectin binding proteins—perhaps AdipoR1
or AdipoR2—are involved instead. Nevertheless, our results
showing decreased BAL adiponectin despite markedly in-
creased blood adiponectin in T-Cad2/2 versus wild-type mice

(Figures 8 and 9), suggest that T-cadherin does have a role in
adiponectin biology in the lung. In particular, T-cadherin may be
involved in uptake of adiponectin from the blood into the lung.

In previous studies, we have shown that pulmonary re-
sponses to acute O3 exposure are increased in obese versus lean
mice (7–10). Because adiponectin has some anti-inflammatory
properties (12, 16–18), we hypothesized that reductions in
adiponectin that occur in obesity (8) may be contributing to
the augmented responses to O3 that are observed in obese mice
(7–9) and obese humans (3, 4). However, in these lean mice,
adiponectin deficiency reduced rather than augmented re-
sponses to O3 (Figures 2–4). The reduction in neutrophil re-
cruitment in the Adipo2/2 mice (Figure 3) is consistent with the
reductions in BAL IL-6 and KC (Figure 4), as both IL-6, as well
as chemokines, such as KC, that stimulate the CXCR2 receptor,
are known to be required for the neutrophil influx that occurs

Figure 7. Total protein concentration (A) and total num-

ber of macrophages (B), neutrophils (C), and epithelial

cells (D) in BAL fluid of WT (C57BL/6) and T-Cad2/2 mice
24 hours after exposure to air or O3 (2 ppm for 3 h) (n 5

5–10 mice for each group). *P , 0.05 compared with

genotype-matched, air-exposed controls.

Figure 8. Adiponectin isoform distribution in serum (A)

and BAL (B and C) of WT and T-Cad2/2 mice. Adipo2/2

mice were used as negative controls. HMW, high–molecular
weight isoform. B and C are the same blot with C, having

a longer exposure time on the film.
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after acute O3 exposure in mice (36, 37). Notably, lack of the
receptor for KC (CXCR2) also attenuates O3-induced AHR
(36). Thus, the reduction in KC (Figure 4) may also explain the
reduction in AHR observed in the Adipo2/2 mice (Figure 2).

We were surprised by the reduction in O3-induced inflam-
mation in Adipo2/2 mice, because many reports indicate that
adiponectin has anti-inflammatory effects (12, 16–18). However,
there are also reports of adiponectin having proinflammatory
effects under certain circumstances (see Ref. 12 for review). For
example, in some cell types, adiponectin has been shown to
activate the proinflammatory transcription factors, NF-kB and
activator protein (AP)-1 (13, 44). Adiponectin also causes IL-6
release from synovial fibroblasts and macrophages (45, 46), and
increases production of the neutrophil chemotactic factors, IL-8
and/or MCP-1, from epithelial cells, including airway epithelial
cells (47, 48). Consistent with these reports, we also observed a
reduction in O3-induced IL-6, KC (murine equivalent of IL-8),
and MCP-1 in BAL fluid from Adipo2/2 versus wild-type mice
(Figure 4). However, transgenic overexpression of adiponectin,
resulting in substantial increases in serum adiponectin, did not
augment responses to acute O3 (Figure 5). It is conceivable that,
compared with adiponectin deficiency, normal endogenous
levels of adiponectin are sufficient to produce maximal aug-
mentation of proinflammatory effects of acute O3 exposure. In
that case, further increasing adiponectin by transgenic over-
expression would not be expected to have any additional
effects, as observed (Figure 5). Alternatively, adiponectin de-
ficiency may result in some lung developmental change that
impacts the response to O3.

For example, it has been reported that Adipo2/2 mice have
evidence of pulmonary vascular infiltration with inflammatory
cells, which increases progressively with age, but is present as
early as 3 months of age (26)—the age of many of the mice in
this study. Such basal inflammatory changes could increase the
expression of antioxidants in the lung, leading to reduced
responses to O3. However, routine histological evaluation of
H&E-stained lung sections failed to demonstrate any differ-
ences in the pulmonary vasculature of Adipo2/2 versus wild-
type mice after air or O3 exposure (data not shown), although it
is conceivable that, with more sensitive techniques, perivascular
inflammation might have been observed. It has also been
reported (31) that, even in the absence of any overt inflamma-
tory stimulus, Adipo2/2 mice have decreased H, an increase in
the MLI, and evidence of alveolar macrophage activation,
consistent with an emphysema-like condition. Others have
argued that the phenotype more closely resembles disruption
of alveolarization in the neonate resulting from chronic in-
flammation (49). We also observed an increase in MLI (Figure
1A), as well as decreases in Estat and in G and H (Table1), two
other indices of parenchymal mechanics, in Adipo2/2 versus

wild-type mice, although the change in Estat was smaller than
that reported by Summer and colleagues (31). It is conceivable
that lung architectural changes in Adipo2/2 mice could lead to
altered distribution and/or deposition of O3 in such a manner as
to impact subsequent responses.

With respect to the parenchymal abnormalities in the Adipo2/2

mice, it is interesting to note that the ability of O3 to cause AHR
was related to its effects on the parenchymal parameters, G and H,
whereas changes in Raw induced by methacholine were unaffected
(Figures 2 and 6). Such exaggerated changes in G and H may
reflect enhanced small airway closure (50, 51). This increased
airway closure is unlikely to be the result of greater airway
constriction, as Raw was unaffected (Figures 2A and 6A). Instead,
increased airway closure may be a consequence of greater in-
stability of peripheral airways, perhaps as a result of alterations in
the airway liquid surface properties caused by O3 (52). It is
conceivable that the parenchymal changes observed in Adipo2/2

mice (Figure 1A) could reduce such peripheral airway instability,
leading to reduced AHR (Figure 2).

Three adiponectin-binding proteins have been cloned:
AdipoR1, AdipoR2, and T-cadherin (21, 22). Given that the
HMW isoform of adiponectin dominated the lung lining fluid
(Figure 8B), and that T-cadherin primarily binds the HMW
isoforms of adiponectin (22), we examined the hypothesis that
the effects of adiponectin responsible for reductions in re-
sponses to O3 exposure in Adipo2/2 mice (Figures 2–4) might
be mediated through adiponectin signaling pathways activated
by binding to T-cadherin. Our results do not support this
hypothesis, at least for this concentration of O3 at this time
point. Whereas adiponectin deficiency resulted in reduced O3-
induced AHR, inflammation, and injury (Figures 2–4), de-
ficiency in T-cadherin did not (Figures 6 and 7). These results
suggest that other adiponectin-binding proteins mediate the
observed injurious effects of adiponectin (Figures 2–4). Nev-
ertheless, we cannot rule out the possibility that, in the lung,
other effects of T-cadherin may counter those related to
adiponectin binding. For example, overexpression of T-cadherin
decreases surfactant protein D expression in A549 cells (25),
suggesting that T-Cad2/2 mice may have increased pulmonary
SP-D expression. Based on the effects of surfactant protein D
deficiency (53), an increase in SP-D should result in a reduced
inflammatory response to O3.

It is also important to note that, in contrast to adiponectin
deficiency, T-cadherin deficiency did not alter either parenchy-
mal mechanics or MLI (Table 1, Figure 1). The results indicate
that the effects of adiponectin, the deficiency of which results in
these parenchymal changes, are not mediated through T-cadherin
deficiency.

Although the results in T-Cad2/2 mice (Figures 6 and 7)
suggest that other adiponectin-binding proteins, perhaps Adi-

Figure 9. Serum (A) and BAL (B) concentrations of

adiponectin measured by ELISA in WT (C57BL/6) and

T-Cad2/2 mice 24 hours after exposure to air or O3

(2 ppm for 3 h) (n 5 5–6 mice for each group). *P ,

0.05 compared with WT mice with same exposure.
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poR1 or AdipoR2, mediate the observed effects of adiponectin,
it is noteworthy that non–receptor-mediated functions of adipo-
nectin have also been reported. For example, adiponectin in-
teracts directly with platelet-derived, epidermal, and other growth
factors, blocking their binding to their own cell membrane
receptors, and thus suppressing their mitogenic effects on vascular
smooth muscle cells (54). Adiponectin also interacts directly with
certain chemokines, including stromal cell–derived factor–1, and
interferes with their ability to bind heparin (55). Adiponectin also
promotes phagocytosis of apoptotic cells by macrophages in an
AdipoR1-, AdipoR2-, and T-cadherin–independent manner (56).
Whether such functions contribute to the effects of adiponectin
reported here remains to be established.

Adiponectin is produced primarily in adipose tissue (57), and
is not synthesized to any meaningful extent in the lung (31).
Consequently, the presence of adiponectin in the lung lining
fluid requires its uptake from the blood. Indeed, others have
noted that, after correction for the dilution that occurs during
the BAL procedure, the concentrations of adiponectin in lung
lining fluid are remarkably high, almost one-eighth the values in
serum (31). Our data suggest that, at least under baseline
conditions, the transit of adiponectin from the blood to lung is
not a simple process of the protein diffusing through gaps
between endothelial cells. If this were so, one would expect
a greater predominance of the trimeric form of adiponectin in
the BAL fluid, because it is smallest and should diffuse most
easily. Instead, the HMW and hexameric isoforms dominated
(Figure 8B), although we cannot rule out the possibility that the
lower molecular weight isoforms of adiponectin are more easily
degraded in the lung. In addition, if diffusion through para-
cellular pathways were involved, one would also have expected
an increase in BAL adiponectin in T-Cad2/2 mice, because
serum levels of adiponectin were markedly elevated in those
mice. Instead, BAL adiponectin was reduced in air-exposed
T-Cad2/2 mice (Figures 8B and 9B). One hypothesis consistent
with these data is that binding of adiponectin to T-cadherin is
required for uptake of this protein from the blood into the lung.
The observation that T-cadherin binds primarily the HMW and
hexameric isoforms of adiponectin (22), and that these were the
dominant isoforms observed in the BAL fluid (Figure 8B), is
consistent with this hypothesis. In the pulmonary microvascula-
ture, even albumin, which has a molecular weight on the same
order as the trimeric form of adiponectin, is transported, at least
in part, by a vesicular transcytosis pathway that requires the
albumin-binding protein gp60 (58). It is conceivable that
T-cadherin serves a similar function for HMW adiponectin.

Given the very low concentrations of adiponectin in BAL
fluid of T-Cad2/2 mice, we were surprised that the phenotypes
of the T-Cad2/2 and Adipo2/2 mice were so different. It may
be that even the very low concentrations of adiponectin
present in the T-Cad2/2 mouse lung were sufficient to re-
produce the effects of adiponectin observed in wild-type mice,
but it is important to note that, whereas BAL adiponectin was
markedly reduced in air-exposed T-Cad2/2 versus wild-type
mice, adiponectin substantially increased in BAL fluid of
T-Cad2/2 mice exposed to O3 (Figure 9B). O3 also induced
a marked increase in total BAL protein (Figures 3 and 7),
consistent with increased vascular permeability resulting from
effects of inflammatory mediators acting on endothelial cells to
reduce paracellular resistance. Under such circumstances,
adiponectin might move between endothelial cells. Because
the concentration gradient for adiponectin between blood and
BAL fluid was much greater in T-Cad2/2 than wild-type mice,
one might expect a greater impact of such changes in perme-
ability in the T-Cad2/2 mice leading to the observed increase
in BAL adiponectin after O3 exposure. Similarly, adiponectin

has been shown to accumulate in heart tissue damaged by
ischemia–reperfusion as a result of leakage from the vascula-
ture (59).

There are two important pulmonary health implications of
these findings. First, it is apparent that measurements of serum
adiponectin cannot be used to predict lung adiponectin con-
centration or isomer distribution. Second, factors that affect
T-cadherin expression can impact the concentration of adipo-
nectin in the lung, as well as the concentration of adiponectin
that circulates to and affects other organ systems in the body.

In summary, our results indicate that, in the setting of acute
O3 exposure, adiponectin deficiency results in reduced lung
injury, inflammation, and AHR. Although it is possible that
these changes are the result of proinflammatory effects of
adiponectin, changes in O3 deposition or distribution resulting
from lung architectural changes in Adipo2/2 mice may also
contribute. Although these effects of adiponectin do not appear
to be mediated by a signaling process requiring T-cadherin, our
results suggest that T-cadherin may be important for transit of
adiponectin from the blood into the lung.
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