1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Am J Physiol Lung Cell Mol Physiol. 2008 June ; 294(6): L1035-L1042. doi:10.1152/ajplung.

00397.2007.

Alveolar macrophage activation and an emphysema-like
phenotype in adiponectin-deficient mice

R. Summerl, F. F. Littlel, N. Ouchi?, Y. Takemura?, T. Aprahamian?, D. Dwyerl, K.
Fitzsimmons?, B. Suki3, H. Parameswaran3, A. Finel, and K. Walsh?

1The Pulmonary Center, Boston University School of Medicine, Boston, Massachusetts

“Whitaker Cardiovascular Institute, Molecular Cardiology/Whitaker Cardiovascular Institute,
Boston University School of Medicine, Boston, Massachusetts

3Department of Biomedical Engineering, Boston University, Boston, Massachusetts

Abstract

Adiponectin is an adipocyte-derived collectin that acts on a wide range of tissues including liver,
brain, heart, and vascular endothelium. To date, little is known about the actions of adiponectin in
the lung. Herein, we demonstrate that adiponectin is present in lung lining fluid and that
adiponectin deficiency leads to increases in proinflammatory mediators and an emphysema-like
phenotype in the mouse lung. Alveolar macrophages from adiponectin-deficient mice
spontaneously display increased production of tumor necrosis factor-a (TNF-a) and matrix
metalloproteinase (MMP-12) activity. Consistent with these observations, we found that
pretreatment of alveolar macrophages with adiponectin leads to TNF-a and MMP-12 suppression.
Together, our findings show that adiponectin leads to macrophage suppression in the lung and
suggest that adiponectin-deficient states may contribute to the pathogenesis of inflammatory lung
conditions such as emphysema.

Keywords

lung; matrix metalloproteinases; collectin

RESEARCH ON THE OBESITY EPIDEMIC has led to important discoveries regarding the
functional role of adipose tissue. Adipose tissue is now considered an important secretory
organ that regulates a wide range of biological processes (33, 53, 54). Collectively, factors
released from adipose tissue are called adipokines; to date, many such molecules have been
identified (33, 53). Deficiency in select adipokines leads to varied metabolic derangements
and susceptibility to disease, including diabetes, hypertension, and coronary artery disease
(20, 22, 24).

Adipose tissue is present throughout the body; however, the relationship between adipose
tissue and the lung is poorly understood. Epidemiological data support a relationship
between these tissues (4, 5, 10). In these studies, extreme weight loss or gain has been
associated with the development of emphysema and asthma, respectively. Further
experimental studies have shown that leptin, a molecule derived from adipocytes, regulates
surfactant production in type Il pneumocytes and protects the lung from acute injury (2, 14).
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Adiponectin is a 30-kDa molecule secreted from adipocytes and found at high levels in
plasma (16, 27, 35, 43). This factor was initially described as an insulin-sensitizing and an
anti-atherogenic agent, but recent findings demonstrate it has potent anti-inflammatory
activity (1, 16, 29, 50, 57). Adiponectin's anti-inflammatory actions are mediated, in part, by
downregulation of innate immune responses (30, 39). Consistent with this notion,
adiponectin receptors are expressed abundantly on macrophages and monocytes. Activation
of adiponectin receptors leads to transcriptional downregulation of NF-xB target genes in
these cells (7, 32, 50, 57). Adiponectin also limits the response of immune cells to activation
by proinflammatory stimuli such as LPS (49). It is currently believed that the anti-
inflammatory properties of adiponectin mediate its cardiac and vascular protective effects
(39-41).

To date, little is known about the role of adiponectin in the lung; however, recent findings
suggest an important role for this protein in lung biological processes. For example,
adiponectin receptors are expressed in the murine lung at key developmental time points,
and exogenous administration of adiponectin protects adult mice from antigen-induced
asthma-like bronchial hyperresponsiveness (42, 60). Of interest, cigarette smoke has been
shown to result in a dose-dependent decline in human serum adiponectin levels (48).

In this study, we set out to further investigate the functional role of adiponectin in the lung
using mice that are adiponectin deficient by target gene disruption. Our findings show that
adiponectin is present at high concentrations in bronchoalveolar lavage (BAL) fluid of wild-
type mice and that complete or partial deficiency leads to structure changes in the lung
characteristic of an emphysema-like phenotype. Proinflammatory cytokines and matrix
metalloproteinases (MMPSs) are increased in the lung of adiponectin—/- mice, and in vitro
studies demonstrate that adiponectin acts to suppress alveolar macrophage activation and the
release of MMPs. Together, our findings indicate that adiponectin plays an important role in
lung immune cell homeostasis and suggest that adiponectindeficient states may contribute to
the pathogenesis of inflammatory lung conditions.

METHODS

Mice

Adiponectin—/— mice were generated by targeted gene disruption as previously described
(28). Age-matched wild-type C57/BL6 mice were purchased from Jackson Laboratories
(Bar Harbor, ME) and used for generating heterozygotes(+/-). Mice were maintained in a
12-h light, 12-h dark schedule and given food and water ad libitum. Body mass was
recorded in all time points and is shown in Supplemental Fig. 1 (supplemental data for this
article is available online at the AJP-Lung web site.) Euthanasia was performed by
isoflurane anesthesia followed by cervical dislocation. All animal studies were conducted
according to protocols approved by the National Institutes of Health and the Boston
University Institutional Animal Care and Use Committee.

Lung fixation

Lungs from 6-day-old, 18-day-old, and 3-mo-old mice were analyzed. Fixation was
performed using a blunt 22-gauge needle inserted into the trachea, and lungs were inflated at
a set pressure of 25 cm of water using 4% paraformaldehyde. Tissue was dissected en bloc
from the thoracic cavity and fixed overnight at 4°C. The following morning, each lobe was
separated, and a 5-mm-thick slice was cut from the left lung and the right upper lobe.
Horizontal slices were taken from the left lung, and the right lung was sliced vertically. Each
slice, as well as the remaining lung tissue, was dehydrated in graded alcohols and embedded
in paraffin blocks. Horizontal and vertical slices were oriented in a similar fashion in
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paraffin wax. Five-micrometer sections were cut from paraffin blocks, placed on charged
slides, and stained with hematoxylin and eosin.

Morphometry and volume measurements

Alveolar size was estimated by using an automated computer-assisted method and by mean
linear intercept (MLI) calculations. Automated measurements of air space diameter were
performed per published algorithm (31) while MLI was calculated using methods modified
from published protocols (15, 31, 51, 52). In brief, lung images were captured using a Zeiss
digital camera with a x20 objective. Alveolar walls from the images were segmented using
the watershed transform, and the equivalent diameter of air spaces was calculated as the
diameter of a circle of the same area as that of the air space. While the segmentation is fully
automatic, large airway and vascular structures were excluded manually before analysis of
the diameters. For MLI, the image analysis was performed using Zeiss Axiovision software.
MLI was calculated by placing a grid containing five horizontal and five vertical lines (the
length of each line was 500 m) in areas devoid of large airways and muscular blood
vessels. The number of alveolar intercepts across each line was counted, and the total length
of line was divided by the average number of intercepts. Two images were taken of five
random sections from the right and left lung. Images and grid placement were performed in
blinded fashion. For each time point, five to six animals were analyzed in each group.
Comparisons were made between similar (same lobe) and dissimilar (different lobes)
regions of the lung. Results were expressed as means plus SE (/7= number of mice per
group). Increases in MLI signify an increase in the average distance between alveolar walls,
whereas increases in equivalent diameter represent alveolar air space enlargement
characteristic of emphysema. The latter, being independent of shape, has been shown to be a
more robust index of air space size (31). Lung volumes were estimated by volume
displacement measurements per published protocols (45, 59).

Respiratory mechanics

BAL

Urea assay

Tissue elastance was measured in anesthetized and tracheostomized mice that were
mechanically ventilated (Flexivent; SCIREQ, Montreal, Canada) in the supine position.
Lung volume changes were measured when the positive end-expiratory pressure was
increased from 5 to 25 cmH,0, and respiratory system elastance was obtained as 20 cmH,0
normalized by the corresponding volume increase. These measurements were obtained only
at 3 mo of age.

Lung lining fluid was obtained by BAL using standard techniques (47). Briefly, the trachea
was cannulated with a 22-gauge needle and sutured in place. Lungs were lavaged with 1 ml
of ice-cold saline plus EDTA (0.5 mM). For cytospins, BAL fluid (BALF) was first
centrifuged at 300 g for 5 min at 4°C. Pellets were resuspended in 300 .l of PBS containing
0.5% fetal bovine serum and cytospun onto charged slides. Differential cell counts were
performed after staining with Diff-Quik. Two-hundred cells were counted on each slide, and
two slides were analyzed from each animal. Differential cell counts were compared between
age-matched wild-type and adiponectin—/— mice (n=5, each group).

The absolute concentration of proteins in airway lining fluid was determined by using the
ratio of urea concentration in BALF to that in serum. For these studies, serum and BAL urea
concentrations were measured by using a modified enzymatic assay (Urea Assay Kit,
Bioassay System) as previously reported (6, 55).
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Real-time reverse transcriptase-PCR

Quantitative expression was performed for MMP-2, MMP-9, MMP-12, and adiponectin
transcripts. All reactions were performed with 1 g of starting total RNA. Values were
calculated based on the AACT method. For MMP genes, total RNA was isolated from wild-
type and adiponectin—/- lungs at 6 days, 18 days, and 3 mo of age (7= 5, each group).
Adiponectin was measured in 3-mo-old control lung (/7= 2), and white adipose tissue was
obtained from the inguinal fat pad (7= 3). 18S or p-actin was used to control for total
mMRNA in starting material.

Qualitative PCR

ELISA

RNA was isolated from BAL cells obtained from wild-type and adiponectin—/- mice by
using RNeasy mini kit (Qiagen, Valencia, CA). cDNA was generated from RNA extracts by
using a reverse transcription kit (Promega, Madison, WI). PCR was performed using the
following primers: adiponectin receptor 1 (APN-R1) primers 5’-
GAATCTTGACGATGCTGAGAC-3" and 5'-GAAGGTTGGACACACCATAGA-3’,
adiponectin receptor 2 (APN-R2) primers 5'-ATCCCTCACGATGTGCTACC-3" and 5'-
CACTGAGAGACGATAATGGCTG-3', B-actin primers 5”-
GCTCGTTGCCAATAGTGATG-3 and 5'-AAGAGAGGTATCCTGACCCT-3’. Cycling
conditions were 94°C for 1 min, 51°C for 1 min, and 72°C for 1 min, 35 cycles for APN-R1;
94°C for 1 min, 52°C for 1 min, and 72°C for 1 min, 35 cycles for APN-R2, and 94°C for 1
min, 55°C for 1 min, and 72°C for 1 min, 35 cycles for p-actin.

TNF-a measurements were performed on lung lysate supernatants and supernatants of
cultured cells. In cultured cells, basal level of secretion was determined by measuring TNF-
a concentration in cell supernatant after culture for 18 h in serum-free media (SFM). The
influence of adiponectin on basal levels of TNF-a was determined by culturing cells
overnight in the presence or absence of adiponectin (30 pwg/ml). To determine adiponectin's
anti-inflammatory affects, cells pretreated with adiponectin or vehicle were washed and then
incubated with SFM containing 100 ng/ml LPS (Escherichia coli, Sigma, St. Louis, MO) for
6 h. TNF-a concentration was measured in supernatant fractions. All groups were
performed in triplicate. ELISA for TNF-a was performed using a commercially available kit
(R&D Systems, Minneapolis, MN) according to the manufacturer's instructions. Serum and
BAL adiponectin levels were determined with adiponectin ELISA kits (Otsuka
Pharmaceutical, London, England).

Immunocytochemistry

Alveolar macrophages were cytospun onto charged slides, fixed with acetic acid/methanol
(1:3) for 5 min, and washed in PBS. Immunostaining for MMP-12 was done using an
immunofluorescent detection method. Before staining, autofluorescence was quenched with
sodium borohydride. Fluorescent staining was carried out using a polyclonal rabbit anti-
murine MMP-12 (Santa Cruz Biotech, Santa Cruz, CA) at dilution of 1:500. Secondary
staining was performed using a FITC-conjugated goat anti-rabbit antibody (Santa Cruz
Biotech) at dilution of 1:100. In parallel, isotype staining was performed using rabbit serum
for the primary antibody. Upon completion of staining, slides were washed in PBS and
counterstained using the nuclear dye 4”,6”-diamidino-2-phenylindole dihydrochloride
(Sigma-Aldrich, St. Louis, MO). The percentage of positive cells was determined by
averaging values obtained from two independent investigators who counted 100 cells at
%400 magnification.
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Recombinant mouse adiponectin
Mouse adiponectin was prepared from £. colj as described previously (41).

Fluorometric assay

For these studies, cells were prepared as previously described above (ELISA). MMP-12
activity was measured using the Enzolyte 490 MMP-12 Assay Kit (Anaspec, San Jose, CA)
per company protocol. MMP-12 activity leads to peptide cleavage and the release of
EDANS (5-[(2-aminoethyl)amino]naphthalene-1-sulfonic acid) molecule from the
DabcylPlus quenching agent. Assays were performed in triplicate in black 96-well plates
according to company protocol. Solutions were incubated in the dark for 30 min. End point
reading was performed using a fluorimeter set at excitation 340 = 20 nm and emission 490 +
30 nm. Substrate solution alone was used to calculate background fluorescence, and this
value was subtracted from all samples.

Statistical analysis

Data are presented as means + SE. For MLI and equivalent diameter, statistical analysis was
performed by twoway ANOVA and Tukey-Kramer post hoc test of the means. A two-tailed
unpaired Student's #test was used for real-time PCR and in vitro assays. For all studies, a
value of < 0.05 was accepted as statistically significant.

RESULTS

Adiponectin deficiency leads to development of emphysema-like phenotype

To investigate the functional role of endogenous adiponectin in the lung, histological
examination of wild-type and adiponectin—/— mice was performed. While published reports
indicate that adiponectin—/— mice do not display a phenotype under nonstressed conditions,
an obvious phenotype was observed in lungs of 3-mo-old mice (1, 39-41, 49). Most notably,
dilated air spaces were seen in the distal lung architecture (Fig. 14). To quantify structural
differences, MLI and equivalent diameters were compared in wild-type and adiponectin—/-
mice. Consistent with an emphysema phenotype, MLI and equivalent diameter were
significantly increased in adiponectin—/— mice (P < 0.0001, Fig. 1B and Supplemental Fig.
2). Furthermore, the coefficient of variation of equivalent diameters were significantly larger
in the adiponectin—/- mice than in control mice with values of 56% and 49%, respectively,
independent of age (P < 0.003). In support of these findings, decreased tissue elastance and
increased lung displacement volume were also observed in adiponectin—/— mice (Fig. 1, C
and D).

To determine the relative onset of structural changes, histological and morphological
comparison of aged-matched wild-type and adiponectin—/- lungs was performed. Results
show that wild-type and adiponectin—/- lungs were indistinguishable 6 days after birth. In
contrast, dilated air spaces were evident in the postnatal day 18adiponectin—/- lung;
however, findings were less pronounced than those observed at 3 mo. In wild-type mice, the
decrease in MLI and equivalent diameters is a result of alveolarization (Fig. 18and
Supplemental Fig. 2); however, decreases in alveolar diameter were not observed in
adiponectin—/- mice from 18 days to 3 mo of age. Together, these findings indicate that the
emphysema-like phenotype in adiponectin—/— mice develops after birth but begins during
the period of postnatal lung growth and development.

Adiponectin is present in BALF

Dilated air spaces in adiponectin—/— mice led us investigate whether adiponectin is present
in lung lining fluid. To test this, adiponectin protein concentration was measured in lavage

Am J Physiol Lung Cell Mol Physiol. Author manuscript; available in PMC 2013 February 19.
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fluid by ELISA. To control for dilutional effects of saline, BAL values were adjusted based
on BALF-to-serum urea ratios. In BALF, adiponectin was detected at a concentration of 2.7
+ 1.4 pg/ml, a value that was one-eighth the level of adiponectin in serum (Table 1). As
expected, adiponectin was not detected in serum or BALF of adiponectin—/— mice.

To determine whether adiponectin is locally produced in lung, adiponectin mRNA levels
were measured by quantitative RT-PCR. White adipose tissue from the inguinal fat pad
served as a positive control. As shown in Supplemental Fig. 3, negligible quantities of
adiponectin mRNA are present in lung. In contrast, adiponectin mMRNA was abundantly
expressed in adipose tissue.

Relative deficiency of adiponectin leads to an emphysema-like phenotype

Hypoadiponectinemia, not adiponectin deficiency, is common in the obese population. To
examine the influence of hypoadiponectinemia, adiponectin levels in lungs from adiponectin
+/—- mice gene were analyzed. Consistent with a hypoadiponectin state, serum and BALF
adiponectin concentrations were reduced by greater than 50% in these mice (Table 1).
Interestingly, we found that relative deficiency in adiponectin was also associated with
development of the emphysema-like phenotype (Fig. 2). Histological and morphological
analysis revealed dilated air spaces and increased lung displacement volumes. These results
suggest a role for adiponectin in maintaining the structural integrity of the lung.

MMPs are increased in the lungs of adiponectin-deficient mice

Emphysema is characterized by increases in proinflammatory cytokines (e.g., TNF-a) and
MMP activity in the lung (38). In view of these findings, we measured TNF-a expression in
lung lysate supernatants from wild-type and adiponectin—/- mice. Consistent with an
inflamed state, TNF-a level was increased fourfold in adiponectin—/- lungs (Fig. 3).

To investigate lung MMP gene expression, quantitative RT-PCR was performed on total
lung RNA extracted from age-matched wild-type and adiponectin—/— mice. Figure 4A
demonstrates that MMP-2 and MMP-12, but not MMP-9, expression was significantly
increased in lungs of 18-day-old and 3-mo-old adiponectin—/— mice. MMP levels were not
significantly increased in lungs of newborn (gay 6) adiponectin—/— mice. Of interest, levels
of the macrophage-specific MMP-12 transcript were markedly increased in adiponectin—/-
mice. This finding was corroborated by MMP-12 immunostaining of alveolar macrophages
in cytospins (Fig. 4B). We further confirmed these findings by assessing MMP-12 activity in
supernatant fractions of alveolar macrophages from wild-type and adiponectin—/— mice that
were maintained for 18 h in SFM (Fig. 4 C). Notably, macrophages from adiponectin—/-
mice produced MMP-12-related activity that was 2.5-fold greater than wild-type cells. These
results suggest that adiponectin may exert a suppressive effect on the general state of
alveolar macrophage inflammatory activity.

Adiponectin suppresses alveolar macrophage activation

To confirm that differential adiponectin responsiveness was not due to the absence of
adiponectin receptors, RT-PCR analysis demonstrated that isolated alveolar macrophages
express both adiponectin receptor 1 (AdipoR1) and adiponectin receptor 2 (AdipoR2) (data
not shown). To investigate whether adiponectin inhibits macrophage activation, cells from
wild-type and adiponectin—/— mice were cultured overnight in the presence or absence of
adiponectin. The state of macrophage activation was determined by measuring MMP-12
activity in media 6 h after removal of adiponectin. As shown in Fig. 4D, pretreatment with
adiponectin resulted in fivefold reduction in MMP-12 activity in adiponectin—/- cells.
MMP-12 activity was low in media of wild-type cells at baseline and after pretreatment with
adiponectin.

Am J Physiol Lung Cell Mol Physiol. Author manuscript; available in PMC 2013 February 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Summer et al.

Page 7

To examine whether endogenous adiponectin suppresses macrophage production of other
proinflammatory cytokines, we compared the relative accumulation of TNF-a in media
from cultured wild-type and adiponectin—/— BALF cells. We found that TNF-a levels were
80-fold higher in media from adiponectin—/- cells (Fig. 5, /eft bars).

To extend these findings, we investigated the ability of adiponectin to suppress responses to
proinflammatory stimuli. For this, wild-type and adiponectin—/— BALF cells were cultured
overnight in the presence or absence of adiponectin and then exposed to a
lipopolysaccharide (100 ng/ml) challenge for 6 h. Pretreatment with adiponectin blocked
LPS-induced TNF-a production and reduced levels by 3.7- and 5.7-fold in wild-type and
adiponectin—/- cells, respectively (Fig. 5, middle and right bars).

DISCUSSION

We demonstrated that adiponectin, an adipocyte-derived collectin, was present in BALF at a
concentration that was approximately one-eighth of serum levels. Since negligible quantities
of adiponectin mMRNA were detected in the lung, we propose that adiponectin primarily
originates from extrapulmonary sources. However, physiologically relevant levels of
adiponectin may be produced by select lung cell types, including the adipocytes that
surround central airways and blood vessels in the lung. Based on high serum concentrations,
itis likely that the majority of adiponectin enters the alveolar space from the pulmonary
circulation. This is similar to the supply of ai-antitrypsin, which is primarily produced in
the liver but found at much higher concentrations in blood (26, 44).

The main finding of this study is that adiponectin deficiency leads to immune cell activation
and an emphysema-like phenotype. Importantly, dilated air spaces and increased MMP
levels were not evident in newborn adiponectin—/— mice. These findings suggest that the
development of emphysema in adiponectin—/— mice results, in part, from postnatal
inflammatory cell activation. This is further supported by the observation that adiponectin
suppresses the proinflammatory effects of LPS, which is ubiquitous in both mouse facility
and natural environments.

It is noteworthy that MMP levels were found to be increased as early as 18 days postnatal in
lungs of adiponectin—/— mice. This early postnatal period is characterized by rapid lung
growth and extensive distal alveolarization. MMP levels are tightly regulated during this
time point (12). We speculate that dysregulated MMP activity during this time point
contributes to the emphysema-like phenotype of adiponectin—/- mice. It is also possible that
adiponectin has a direct functional role in the remodeling events associated with postnatal
alveolarization. This speculation will need to be addressed by further study.

It has been suggested that increases in apoptotic cell death contribute to the emphysema
phenotype (11). In this context, it is important to note that adiponectin deficiency leads to an
impaired clearance of apoptotic cell debris (49). However, in our studies, we found that the
number of TUNEL-positive cells did not differ between wild-type and adiponectin—/- lungs
at 6 days, 18 days, and 3 mo of age (Supplemental data 4). We also recognize that
adiponectin may have important anti-inflammatory actions on other cells in the lung. For
example, recent reports indicate that adiponectin protects endothelial cells from vascular
injury.

Our findings show that adiponectin inhibits alveolar macrophage activation. Alveolar
macrophages are the predominant inflammatory cell type in lung lining fluid of wild-type
and adiponectin-deficient mice (Supplemental Fig. 5). These cells act as the first line of
defense to particulate and infectious environmental insults, and toxic environmental
exposures such as cigarette smoke lead to macrophage activation and release of
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proinflammatory mediators (e.g., TNF-a, MMP-12) (25, 38). Other investigators found that
increased TNF-a and MMP-12 activity is directly linked to the pathogenesis of emphysema
(8, 9, 15). Of interest, recent findings indicate that cigarette smoke leads to a dose-dependent
decline in serum adiponectin levels (48).

The increase in MMP-2 may also play a role in the development of the physiological
phenotype described herein. MMP-2 is known to cleave fibrillar collagen (13). In view of
this, during alveolarization the most important stress-bearing element of the parenchyma
may become weak and prone to mechanical failure. Ultimately, this may lead to rupture of
alveolar walls and the subsequent coalescence of nearby alveoli, thus contributing to the
increased terminal air space size and the reduced lung elasticity (23, 46).

Adiponectin is structurally and functionally related to the collectin family of proteins (49).
Our findings indicate that adiponectin acts like other lung collectin proteins to maintain
alveolar macrophages in a “quiescent state,” protecting the lung from dysregulated
macrophage activation and subsequent tissue destruction (49). Surfactant protein D (SP-D)
is a collectin family member that similarly suppresses macrophage activation. Interestingly,
SP-D-deficient mice also display an emphysema phenotype, but in contrast to adiponectin—/
— mice, this phenotype develops later in the postnatal period and is associated with
peribronchiolar infiltrates and macrophage lipid accumulation (3, 56, 58). Together, these
findings suggest that different collectin family members have overlapping, but distinct,
activities in the lung.

We also reported that partial adiponectin deficiency leads to the development of an
intermediate emphysema-like pheno-type (Fig. 2). Because adiponectin levels are known to
be lower in obese humans, these findings suggest that obesity might be a risk factor for
development of dysregulated immune cell activation and emphysema (16). Epidemiological
studies have yet to link obesity to emphysema; however, observational and experimental
studies support such a relationship. For example, dilated air spaces and diminished gas-
exchange surface have been reported in rats made obese from high-calorie diets, and low
lung diffusion capacity has been described in obesity subjects (17-19, 34). Furthermore,
emphysema has also been reported in humans after extreme weight loss, and in rats,
hamsters, and mice after severe calorie restriction (10, 21, 36, 37). Together, these findings
suggest that adipocyte dysfunction resulting from extreme weight loss or gain may lead to
the development of abnormal lung phenotypes.

In conclusion, we showed that a key signaling axis exists between adipose tissue and the
lung. Our data demonstrate that the adipocyte-derived collectin adiponectin regulates lung
homeostatic mechanisms by limiting local inflammation and by suppressing alveolar
macrophage activation. These findings provide new insight into lung macrophage biology
and suggest that adiponectin-deficient states may contribute to the development of
inflammatory diseases of the lung.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Emphysema-like phenotype develops in adiponectin—/— mice. A: histological examination
of wild-type (WT) and adiponectin—/-— (APN—/-) lungs at postnatal gay 6, 18, and 3 mo of
age (7= >5 in all groups except at 3 mo where 7= 6). Wild-type and adiponectin—/- lungs are
indistinguishable at postnatal day 6. Dilated air spaces consistent with emphysema-like
phenotype are evident by postnatal gay 18, however, findings are not as pronounced as those
seen at 3 mo. Solid black line represents 100 wm. B: consistent with an emphysema
phenotype, mean linear intercept (MLI) values are increased in adiponectin—/- lungs at 18
days and 3 mo of age (P < 0.0001). MLI measurements are not statistically different between
wild-type and adiponectin—/- lungs 6 days after birth (£=0.08). C: lung elastance is
significantly decreased in adiponectin—/- lungs at 3 mo. O: lung volume, measured by
volume displacement, is significantly increased in adiponectin—/— mice at 18 days and 3 mo
of age.
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Three-month-old mice with a single functional adiponectin gene also develop histological
and morphological evidence of emphysema. A: dilated air spaces were evident histologically
in adiponectin+/- mice. Solid black line represents 100 um. B: MLI and lung volumes were

increased in adiponectin+/— mice.
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Fig. 3.

TNF-a levels are increased in adiponectin—/- lungs. By ELISA, a 4-fold increase in TNF-a
levels is detected in the lung digest supernatant from 3-mo-old adiponectin—/— mice (n=5,
each group). The numbers reported represent the means and the SE.
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Fig. 4.

Matrix metalloproteinases are increased in lungs of adiponectin—/— mice. A: quantitative
PCR performed for select MMPs (-2, -9, and —12) showed that MMP-2 and MMP-12 are
significantly increased (*#~ < 0.05) in lungs of day 718and 3-mo-old adiponectin—/— mice (n
= 4). MMP levels in wild-type and adiponectin—/— mice are similar at postnatal day 6. B:
MMP-12 protein expression was assessed by immunostaining alveolar macrophages that
were cytospun onto glass slides. Increased number of cells expressing MMP-12 is found in
alveolar macrophages from 3-mo-old adiponectin—/— mice (33 £ 7% vs. 5 + 2% in age-
matched wild-type). Counts were performed by 2 independent observers (1= 3, each group).
C. MMP-12 activity is 2.5-fold greater in media (18-h incubation) of alveolar macrophages
from adiponectin—/— mice (n= 3, each group). D: pretreatment with adiponectin (30 pg/ml)
for 12 h decreased baseline MMP-12 activity in alveolar macrophages from adiponectin—/-
mice (n=3). MMP-12 activity was measured 6 h after removal of adiponectin. The numbers
reported represent the means and the SE.
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Adiponectin inhibits LPS-mediated release of the proinflammatory mediator TNF-a by
alveolar macrophages. Alveolar macrophages were isolated from the bronchoalveolar lavage
fluid of wild-type and adiponectin—/— mice and cultured in serum-free conditions in the
presence or absence of adiponectin (30 pg/ml) and LPS (100 ng/ml). Baseline TNF-a levels
were 80-fold higher in supernatant of cells obtained from adiponectin—/— mice. Pretreatment
with adiponectin blocked LPS-induced TNF-a production in wild-type and adiponectin—-/-
cells (7= 3). The numbers reported represent the means and the SE.
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Table 1

Adiponectin is present in bronchoalveolar lavage fluid

BAL, pg/ml Serum, pg/ml

Wild type 2.70+1.36 18.4615.91
Adiponectin+/-  0.839+0.23 8.5+0.99
Adiponectin—/- N. D. N. D.
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Adiponectin protein concentrations were measured in serum and bronchoalveolar lavage fluid (BALF) by ELISA. Protein concentrations in BALF
were one-eighth of serum values (7= 5). Similar lung-to-serum ratios were observed in heterozygous mice (/7= 5), although serum and BALF
concentrations were significantly lower in these mice. As expected, adiponectin was not detected in BALF or serum of adiponectin—/— mice (7=

2). The numbers reported represent the means and SE. N.D., not detected.
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