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It is established that the adipocyte-derived cytokine adi-
ponectin protects against cardiovascular and metabolic dis-
eases, but the effect of this adipokine on macrophage polariza-
tion, an important mediator of disease progression, has never
been assessed. We hypothesized that adiponectin modulates
macrophage polarization from that resembling a classically acti-
vated M1 phenotype to that resembling alternatively-activated
M2 cells. Peritonealmacrophages and the stromal vascular frac-
tion (SVF) cells of adipose tissue isolated from adiponectin
knock-out mice displayed increased M1 markers, including
tumor necrosis factor-�, interleukin-6, andmonocyte chemoat-
tractant protein-1 and decreased M2 markers, including argin-
ase-1, macrophage galactose N-acetyl-galactosamine specific
lectin-1, and interleukin-10. The systemic delivery of adenovi-
rus expressing adiponectin significantly augmented arginase-1
expression in peritoneal macrophages and SVF cells in both
wild-type and adiponectin knock-outmice. In culture, the treat-
ment ofmacrophageswith recombinant adiponectin protein led
to an increase in the levels of M2 markers and a reduction of
reactive oxygen species and reactive oxygen species-related
gene expression. Adiponectin also stimulated the expression of
M2 markers and attenuated the expression of M1 markers in
human monocyte-derived macrophages and SVF cells isolated
from human adipose tissue. These data show that adiponectin
functions as a regulator of macrophage polarization, and they
indicate that conditions of high adiponectin expression may
deter metabolic and cardiovascular disease progression by
favoring an anti-inflammatory phenotype in macrophages.

Obesity activates low grade inflammation that contributes to
the pathogenesis of obesity-linked diseases, such as type 2 dia-
betes and atherosclerosis (1). Adipose tissue macrophages play
an important role in the establishment of the chronic inflam-
matory state and metabolic dysfunction that is associated with

obesity (2, 3). Recent findings show that adipose tissue macro-
phages from lean organisms express markers of the M2 or
“alternatively activated”macrophage,whereas obesity leads to a
reduction of these markers and an increase of genes associated
with theM1 or “classically activated”macrophage (4).M1mac-
rophage polarization is associatedwith inflammation and tissue
destruction, whereas the M2 macrophage has an anti-inflam-
matory phenotype that is associated with wound repair and
angiogenesis.
Macrophages are polarized to the M1 state by interferon-�

and inducers of tumor necrosis factor-� (TNF-�)2, such as
lipopolysaccharide (LPS). M1 macrophages up-regulate proin-
flammatory cytokines including TNF-�, interleukin (IL)-6, and
IL-12, and they increase the production of reactive oxygen spe-
cies (ROS) and nitrogen intermediates (5). In contrast, macro-
phages are polarized to the M2 state by IL-4 and IL-13. M2
macrophages up-regulate scavenger receptors, mannose recep-
tor and IL-1 receptor antagonist. M2 cells also secrete the anti-
inflammatory cytokine IL-10 and down-regulate the produc-
tion of proinflammatory cytokines. These cells also up-regulate
arginase-1, which metabolizes arginine to ornithine and poly-
amines, and thereby diminishes the inducible nitric-oxide syn-
thase (iNOS) reaction (6). Furthermore, the “silent” ingestion of
early apoptotic cell debris by macrophages will confer an anti-
inflammatory M2-like phenotype that is associated with the
production of anti-inflammatory mediators including IL-10
(7–9).
Adiponectin is a fat-derived, abundant plasma protein that is

down-regulated in obesity and its complications including type
2 diabetes, hypertension, nonalcoholic steatohepatitis and ath-
erosclerosis (10–13). A number of studies have established
inverse correlations between circulating levels of adiponectin
and the inflammatory markers C-reactive protein and IL-6
(14–17). Adiponectin has been shown to exert anti-inflamma-
tory actions on multiple cell types and tissues. Studies in cell
culture have shown that adiponectin affects the function of
macrophages in a number of ways including the suppression of
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activation by Toll-like receptor (19), and up-regulation of the
anti-inflammatory cytokine IL-10 (20). Although these studies
document that adiponectin has anti-inflammatory effects on
cultured macrophages, a systematic analysis of adiponectin
action on macrophage phenotype has never been conducted
nor have the actions of adiponectin on macrophage phenotype
been assessed in vivo.

We hypothesized that adiponectin affects the phenotype of
macrophages favoring an alternative state that promotes
wound healing and the resolution of inflammation. In the pres-
ent study, we investigated the role of adiponectin in the regula-
tion of macrophage polarization in loss- and gain-of-function
genetic models and in cultured mouse and human macro-
phages. Our results indicate that adiponectin functions as a
direct regulator of macrophage phenotype favoring the switch
from a proinflammatory M1-like state to an anti-inflammatory
M2-like state.

EXPERIMENTAL PROCEDURES

Materials—Mouse arginase-1 antibody was purchased from
BD Biosciences. Tubulin antibody was purchased from Onco-
gene. Quantitative real-time polymerase chain reaction prim-
ers are listed in supplemental Table 1. The enzyme-linked
immunosorbent assay kit for murine TNF-� was from R&D
Systems.
Preparation of Recombinant Adiponectin—Adiponectin

cDNA was cloned by PCR from human adipose tissue cDNA
and inserted into a mammalian cell expression vector. The adi-
ponectin expression vector was transfected into Chinese ham-
ster ovary cells by electroporation. High yield stably transfected
clones were selected and up-scaled for production purposes.
Cell culture supernatant was dialyzed against 1 mM CaCl2, 20
mM Tris-HCl, pH 7.5, and the protein was purified on a Source
15Q (GE Healthcare) column using a gradient of NaCl in 1 mM

CaCl2, 20 mM Tris-HCl, pH 7.5. Adiponectin containing frac-
tions were further purified on a Superdex 200 HR 26/60 using
Tris-buffered saline with 5 mM CaCl2 as eluent. Endotoxin lev-
els were determined by Limulus amoebocyte lysate-based
kinetic turbidimetric tests (2.7 enzyme units/mg).
Isolation ofMouse PeritonealMacrophages—Peritonealmac-

rophageswere collected from8–10-week-oldmale adiponectin
knock-out andC57BL/6mice by peritoneal lavagewith 10ml of
phosphate-buffered saline, centrifuged at 1,000 rpm for 10min,
resuspended in RPMI1640 media supplemented 10% fetal
bovine serum, and incubated on the 24-well plate for 1 h and
then used for the experiments.
Mouse SVF Isolation—Epididymal fat pads from male adi-

ponectin knock-out and C57BL/6mice fed a normal or high fat
diet were excised and minced in phosphate-buffered saline
(PBS). Next, they were digested with 1mg/ml collagenase Type
1 (Worthington Chemical Corporation) in PBS at 37 °C for 30
min. The cell suspension was filtered through a 100-�m filter
and spun at 1,000 rpm centrifugation for 5 min to separate
floating adipocytes from the SVF pellet.
In Vitro Peritoneal Macrophage Studies—Peritoneal macro-

phages fromC57BL/6miceweremaintained in RPMI1640 sup-
plemented 10% fetal bovine serum. Before each experiment,
cells were placed in RPMI1640 media with 2% fetal bovine

serum for 16 h for serum starvation. Experiments were per-
formed by the addition of the indicated amount of recombinant
adiponectin (30 �g/ml; Novo Nordisk), IL-4 (10 ng/ml; Sigma),
or vehicle for 48 h.
Adenovirus-mediated Gene Transfer—4 � 108 plaque-form-

ing units of adenovirus-producing adiponectin (Ad-APN) or
adenovirus-producing �-galactosidase were injected into the
tail vein of APN-KO orWTmice 5 days before collecting peri-
toneal macrophages and stromal vascular fractions.
Determination ofmRNALevels—Total RNAwas prepared by

Qiagen according to the manufacturer’s suggested protocol,
and cDNA was produced using ThermoScript real-time-PCR
Systems (Invitrogen). Quantitative real-time PCR was per-
formed on iCycler iQ Real-Time PCR Detection System (Bio-
Rad) using SYBR Green I as a double-stranded DNA-specific
dye (Applied Biosystems). We used the primers listed in sup-
plemental Table 1.
Western Blot Analysis—Tissue samples were homogenized

in lysis buffer. Immunoblot analysis was performed with anti-
bodies at a 1:1,000 dilution, followed by incubation with a sec-
ondary antibody conjugated with horseradish peroxidase at a
1:5,000 dilution. An ECL Plus Western blotting detection kit
(Amersham Biosciences) was used.
Human Subcutaneous Adipose Tissue Collection—Subcuta-

neous adipose tissue was collected via percutaneous needle
biopsy or during gastric bypass surgery in consecutive obese
adults (age � 21 yr) with a body mass index �30 kg/m2 as
described previously (21). Patients with unstable medical
conditions such as active coronary syndromes, congestive
heart failure, systemic infection, malignancy, or pregnancy
were excluded. Abdominal subcutaneous fat biopsies were
performed lateral to the umbilicus using standard sterile
technique. Briefly, the region was carefully inspected for
anatomical landmarks, draped, sterilely prepped using alco-
hol and betadine, and locally anesthetized with 2 ml of 2%
lidocaine. Through a small superficial 0.5-cm skin incision,
adipose tissue was collected via a 3-hole cannula needle.
Subcutaneous abdominal tissue was also directly harvested
in a cohort of bariatric subjects during planned operative
procedure. Each subject provided a single biopsy specimen
for analysis. All subjects gave written, informed consent, and
the study was approved by the Boston University Medical
Center Institutional Review Board.
Isolation of the SVF from Human Adipose Tissue—Human

subcutaneous adipose tissue are excised, minced, and digested
with 1mg/ml collagenase Type 1 (Worthington Chemical Cor-
poration) in PBS at 37 °C for 20 min. The cell suspension is
filtered through a 100-�m filter and spun at 200 � g centrifu-
gation for 5 min to separate floating adipocytes from the SVF
pellet. The pellet containing SVF is incubated for 10 min in a
red blood cell-lysing buffer (Sigma). Then, the cells were sus-
pended in RPMI 1640 (Invitrogen) supplemented with 10%
human type AB serum and incubated for 1 h at 37 °C in cell
culture dishes. Nonadherent cells were removed by washing
twice with PBS. The remaining adherent cells were cultured as
SVF cells and then incubatedwith recombinant adiponectin for
24 h.
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Isolation of Human Monocyte-derived Macrophages—Hu-
man monocyte-derived macrophages were isolated from
peripheral blood by density gradient centrifugation. The cells
were suspended in RPMI 1640 (Invitrogen) supplemented with
10% human type AB serum and incubated for 1 h at 37 °C in cell
culture dishes. Nonadherent cells were removed by washing
twice with PBS. The remaining adherent cells were cultured in

the samemedium. Themediumwas
replaced every 2 days. Human
monocyte-derived macrophages
were cultured in the medium for 4
days and then incubated with
recombinant adiponectin for 48 h.
Statistical Methods—Data are

presented as mean � S.E. Differ-
ences between groups were evalu-
ated by the Student’s t test or analy-
sis of variance with Fisher’s
protected least significant differ-
ence (PLSD) test. A p value �0.05
denoted the presence of a statisti-
cally significant difference. All cal-
culations were performed by using a
standard statistical package (Stat-
View for Windows, Version 5.0).

RESULTS

Peritoneal Macrophages from
APN-KO Mice Exhibit Inflamma-
tory Activation—To investigate the
phenotypic character of macro-
phages in the absence of adiponec-
tin in vivo, we collected peritoneal
macrophages from C57BL/6 (WT)
and APN-KO mice. Peritoneal
macrophages from APN-KO mice
showed decreased protein levels of
arginase-1, an anti-inflammatory
M2 marker, in Western blot anal-
ysis (Fig. 1A). Transcript levels of
M2 markers, including arginase-
1, Mgl-1 (macrophage galactose
N-acetyl-galactosamine-specific
lectin-1), and IL-10 were signifi-
cantly lower in peritoneal macro-
phages from APN-KO mice than in
those from WT mice (Fig. 1B). In
contrast, mRNA levels of inflamma-
tory M1 markers, including TNF-�,
monocyte chemoattractant protein-1
(MCP-1), and IL-6 were significantly
higher in macrophages from
APN-KO mice compared with those
fromWTmice (Fig. 1B).

To test whether the overexpres-
sion of adiponectin promotes
macrophage M2 polarization in
vivo, adenoviral vectors express-

ing adiponectin (Ad-APN) or �-galactosidase were injected
intravenously in APN-KO andWTmice 5 days prior to peri-
toneal macrophage isolation. In these experimental groups
of mice, circulating adiponectin levels were undetectable in
Ad-�-galactosidase/APN-KO mice, 11.5 � 1.2 �g/ml in
Ad-�-galactosidase/WTmice, 23.3 � 2.3 �g/ml in Ad-APN/
APN-KOmice and 40.7 � 1.6 �g/ml in Ad-APN-treatedWT

FIGURE 1. Adiponectin deficiency promotes peritoneal macrophage activation. A, quantitative West-
ern blot of arginase-1 and �-tubulin (Tubulin) in peritoneal macrophages from WT and APN-KO mice. B, the
mRNA levels of anti-inflammatory M2 markers arginase-1, Mgl-1, and IL-10 and inflammatory M1 markers
TNF-�, MCP-1, and IL-6 in quantitative RT-PCR methods. All results were normalized to 36B4. *, p � 0.05
versus WT (n � 6 in each group). C, Ad-�-galactosidase (Ad-�-gal) or Ad-APN (4 � 108 plaque-forming units
each) was intravenously injected into WT and APN-KO mice 7 days prior to collection of peritoneal mac-
rophages. The left panel shows Western blot of arginase-1 from WT and APN-KO (KO) mice after the
injection of Ad-�-galactosidase or Ad-APN. The right panel shows the mRNA levels of arginase-1 from WT
and KO mice after the injection of Ad-�-galactosidase or Ad-APN. *, p � 0.05 versus Ad-�-galactosidase-
treated WT mice (n � 4 in each group). Data are presented as mean � S.E.

Adiponectin and Macrophage Polarization

FEBRUARY 26, 2010 • VOLUME 285 • NUMBER 9 JOURNAL OF BIOLOGICAL CHEMISTRY 6155



mice. Ad-APN treatment increased arginase-1 protein
expression in peritoneal macrophages isolated fromWT and
APN-KO mice, as assessed by Western blot analyses. The
mRNA levels of arginase-1 were also augmented in perito-
neal macrophages from WT and KO mice following treat-
ment with Ad-APN (Fig. 1C).
Stromal Vascular Fraction Cells and LungMacrophages from

APN-KO Mice Exhibit Inflammatory Activation—To investi-
gate the effect of adiponectin on polarization of resident mac-
rophages in adipose tissue, SVF cells were isolated from the
epididymal fat pads of APN-KO and WT mice. The protein
level of arginase-1 was significantly lower in SVF cells from
APN-KOmice than in that fromWTmice (Fig. 2A). Transcript
markers of macrophage phenotype were also assessed in SVF
cells. The expression levels of the M2 markers arginase-1,

Mgl-1, and Chi3l3 (chitinase 3-like
3) were significantly lower in SVF
cells from APN-KO mice than WT
mice (Fig. 2A). Correspondingly,
inflammatory M1 markers, includ-
ing TNF-�, MCP-1, IL-6, and iNOS,
were significantly higher in SVF
cells from APN-KOmice compared
with that fromWTmice (Fig. 2A).

The effect of adiponectin gain-
of-function genetic manipulation
on adipose tissue macrophage
polarization was also assessed.
Systemic administration of Ad-APN
increased arginase-1 protein ex-
pression in SVF cells fromWT and
APN-KO mice (Fig. 2B). Tran-
script levels of arginase-1 were
also augmented in SVF cells from
Ad-APN-treated WT and KO
mice (Fig. 2B).
To generalize our findings to

other populations of macrophages
in mice, surface major histocompati-
bility complex class II expression was
compared in lung macrophages from
WT and APN-KO mice. For these
studies, CD11c was used to mark
alveolar macrophages in lung digests
during flow cytometry analysis. As
depicted in Table 1, results showed
that major histocompatibility com-
plex class II expression was signifi-
cantly increased in alveolar macro-

phages fromAPN-KOmice, indicative of macrophage activation.
Adiponectin Directly Promotes an Anti-inflammatory Pheno-

type in Macrophages in Vitro—To investigate whether adi-
ponectin acts directly onmacrophages to control phenotype, an
in vitro study was performed using peritoneal macrophages
from WT mice. Treatment of macrophages with recombinant
adiponectin protein for 48 h led to themarked up-regulation of
arginase-1 expression at both protein and mRNA levels (Fig.
3A). Themagnitude of arginase-1 up-regulation by adiponectin
was similar to that seen with IL-4, a prototypical Th-2 cytokine.
Co-treatment with APN and IL-4 increased arginase-1 protein
and mRNA levels in an additive manner (Fig. 3B). Treatment
of peritoneal macrophages with recombinant adiponectin
increased transcript levels of other markers of the M2 pheno-
type including Mgl-1 and IL-10 (Fig. 3C). In comparison, IL-4
treatment increased transcript levels of Mgl-1 but not IL-10.
Furthermore, treatment with adiponectin or IL-4 significantly
decreased mRNA levels of the M1 markers TNF-� andMCP-1
(Fig. 3C). The responses of peritoneal macrophages to increas-
ing concentrations of adiponectin are shown in Fig. 3D. Adi-
ponectin activated arginase-1 expression and reduced TNF-�
andMCP-1 expression in cultured peritonealmacrophages in a
dose-dependent manner.

FIGURE 2. Adiponectin deficiency promotes SVF cell activation. A, quantitative Western blot of arginase-1/
�-tubulin (Tubulin) and the mRNA levels of anti-inflammatory M2 markers arginase-1, Mgl-1, and Chi3l3 and
inflammatory M1 markers, TNF-�, MCP-1, IL-6, and iNOS in SVF cells from WT and APN-KO mice. All mRNA data
were normalized to 36B4. *, p � 0.05 versus WT (n � 6 in each group). B, Ad-�-galactosidase (Ad-�-gal) or
Ad-APN (4 � 108 plaque-forming units each) was intravenously injected into WT and APN-KO mice 7 days prior
to collection of peritoneal macrophages. The left panel shows Western blot of arginase-1 from WT and APN-KO
(KO) mice after the injection of Ad-�-galactosidase or Ad-APN. The right panel shows the mRNA levels of
arginase-1 from WT and KO mice after the injection of Ad-�-galactosidase or Ad-APN. *, p � 0.05 versus
Ad-�-galactosidase-treated WT mice (n � 4 in each group). Data are presented as mean � S.E.

TABLE 1
Lung macrophage activation in adiponectin-deficient mice
CD11c andmajor histocompatibility complex (MHC) class II cell surface expression
were assessed by flow cytometry in whole lung digest fromwild-type and adiponec-
tin-deficientmice as described previously (25). Data are expressed as a percentage of
total CD11c� cells (average � S.E., n � 3 in each group).

Cell population WT APN-KO p value

CD11c�, MHC class II� 57% � 21% 16% � 4% �0.05
CD11c�, MHC class II� 43% � 8% 84% � 7% �0.01
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Because ROS production is linked to classical macrophage
activation, a cytochrome c reduction assay was performed in
the presence and absence of recombinant adiponectin. Adi-
ponectin treatment attenuated ROS production in peritoneal
macrophages fromWTmice by 51.1 � 10.2% (p � 0.01). Con-
sistent with attenuated ROS reduction by adiponectin treat-
ment, mRNA levels of the NADPH oxidase components
P47phox, P22phox, P40phox, and P67phox were lower in adiponec-
tin-treated peritoneal macrophages than those in vehicle-
treatedmacrophages (Fig. 3E). Treatment ofmacrophages with
IL-4 led to a similar reduction in the expression of these

NADPH oxidase subunits. Further-
more, transcript levels of the tran-
scriptional factor PU.1, a positive
transcriptional regulator of the
NADPH oxidase subunits, was
also lower in both adiponectin-
and IL-4-treated peritoneal mac-
rophages than those in vehicle-
treated macrophages (Fig. 3E).
To investigate the effects of

adiponectin on expression of M1
markers in macrophages in re-
sponse to inflammatory stimuli, we
assessed mRNA levels of TNF-�,
iNOS, and MCP-1 in peritoneal
macrophages pretreated with adi-
ponectin or IL-4 followed by 4-h
stimulation of LPS. Pretreatments
of APN or IL-4 blunted LPS-stimu-
lated expression of TNF-�, iNOS,
and MCP-1 in peritoneal macro-
phages (Fig. 3F).
Adiponectin Promotes anAnti-in-

flammatory Phenotype in Alveolar
Macrophages—The anti-inflamma-
tory action of adiponectin on mac-
rophages was assessed in the MH-S
murine alveolar macrophage cell
line (Fig. 4A). Pretreatment with
adiponectin suppressed LPS-in-
duced expression of TNF-� protein
and MCP-1 transcript levels. In
contrast to findings in peritoneal
macrophages and SVF cells, adi-
ponectin did not induce arginase-1
expression in primary alveolar mac-
rophages isolated frommurine lung
(supplemental Fig. 1) nor in an
immortalized alveolar macrophage
cell line (MH-S cells, data not
shown).
Adiponectin Promotes an Anti-

inflammatory Phenotype in Human
Monocyte-derived Macrophages
and SVF Cells from Subcutaneous
Fat—To corroborate the observa-
tion of adiponectin-induced mac-

rophage polarization in mouse cells, the effects of recombinant
adiponectin on M1/M2 markers in human monocyte-de-
rived macrophages was also evaluated. Recombinant adi-
ponectin treatment increasedmRNA levels of the humanM2
markers mannose receptor, IL-10, and CD163 (Fig. 4B). Adi-
ponectin also decreased the proinflammatory M1 markers
TNF-� and MCP-1. Finally, SVF cells were isolated from
human subcutaneous fat and evaluated for their response to
adiponectin. Recombinant adiponectin treatment increased
mannose receptor transcript expression in human SVF cells
and attenuated levels of TNF-� and MCP-1 (Fig. 4C).

FIGURE 3. Adiponectin promotes an anti-inflammatory phenotype in freshly isolated murine perito-
neal macrophages. A, left panel, shows Western blot of arginase-1 and �-tubulin (Tubulin) under a 48-h
treatment of recombinant APN (30 �g/ml) and IL-4 (10 ng/ml). The right panel shows mRNA levels of
arginase-1. *, p � 0.05 versus vehicle (n � 4 in each group). The mRNA levels of arginase-1 were normalized
to 36B4. B, left panel, shows Western blot of arginase-1 and tubulin under the treatment of APN, IL-4, or
both. The right panel shows mRNA levels of arginase-1 under the treatment of APN, IL-4, or both. *, p � 0.05
and **, p � 0.01 (n � 4 in each group). The mRNA levels of arginase-1 were normalized to 36B4. C, the
mRNA levels of anti-inflammatory M2 markers, Mgl-1 and IL-10 and inflammatory markers, TNF-� and
MCP-1 in quantitative RT-PCR methods. *, p � 0.05 and **, p � 0.01 versus vehicle (n � 4 in each group). All
results were normalized to 36B4. D, macrophage response to different levels of adiponectin in the culture
media. *, p � 0.05 for APN 0 �g/ml treatment (n � 3 in each group). All results were normalized to 36B4.
E, the mRNA levels of ROS-related genes under the treatment of APN or IL-4. *, p � 0.05 and **, p � 0.01
(n � 4 in each group). F, anti-inflammatory effects of APN and IL-4 against LPS-induced M1 phenotypic
change in peritoneal macrophages. The mRNA levels of TNF-�, MCP-1, and iNOS in quantitative RT-PCR
methods. **, p � 0.01 versus vehicle; #, p � 0.05 and ##, p � 0.01 versus LPS treatment (n � 4 in each group).
All results were normalized to 36B4. Data are presented as mean � S.E.
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DISCUSSION

In the present study, we have shown that peritoneal mac-
rophages and SVF cells from adiponectin-deficient mice dis-
play an activated phenotype that is reminiscent of classically
activated M1 cells. Conversely, adenovirus-mediated over-
expression of adiponectin augments arginase-1 expression
in peritoneal macrophages and SVF cells in WT as well as
APN-KOmice. It is also shown that adiponectin can directly
act on cultured macrophages to promote the expression of
markers of the alternatively activated state. This direct
activation of M2 markers and suppression of M1 markers
was documented in macrophages isolated from circulation
(human), peritoneal cavity (murine), or adipose tissue
(human and murine).
Studies using lung macrophages suggest that these anti-in-

flammatory actions of adiponectin can be generalized to other
tissue compartments. Phenotypically activated macrophages
were increased in lungs of adiponectin-deficientmice, andAPN

effectively abrogated the response
of cultured lung macrophages to
LPS. In contrast, APN did not
increase the expression of argin-
ase-1 in lung macrophages. These
findings are, however, consistent
with published reports (42, 43)
demonstrating that lung macro-
phages are phenotypically and func-
tionally distinct from other macro-
phage populations. In this regard,
the expression of arginase-1must be
tightly regulated in lung because its
expression is linked to various path-
ological conditions, including
asthma and pulmonary fibrosis (22,
23).
A number of reports have shown

that adiponectin has beneficial
effects on obesity-linked metabolic
complications including insulin
resistance (24, 19). Adiponectin also
has protective actions on the heart
(26, 27) and vasculature (28–30),
and a deficiency in adiponectin will
lead to an emphysema-like pheno-
type in lung (31) and ischemia-in-
duced retinopathy (32). These path-
ological conditions all involve the
activation of an acute or chronic
inflammatory response. Thus, the
ability of adiponectin to promote an
alternative, anti-inflammatory phe-
notype in macrophages provides an
attractive hypothesis to explain its
protective effects in these diverse
models of disease. These anti-in-
flammatory actions of adiponectin
on macrophages, via an as-yet-uni-
dentified mechanism, presumably

augment its direct actions on tissues that are mediated by an
up-regulation of AMP-activated protein kinase signaling (19,
28, 33).
It is generally assumed that adiponectin can regulate recep-

tor-mediated intracellular signaling pathways in target tissues
that control metabolic and cardiovascular protective pathways
(19). However, there are a number of features about adiponec-
tin that indicate that this cytokine functions as a modulator of
immune function. For example, adiponectin accounts for 0.01%
of the total plasma protein (10), whereas many growth factors
and cytokines that interact with cell surface receptors to acti-
vate intracellular signaling cascades are present at levels that
are lower by a factor of 1,000. Adiponectin is structurally simi-
lar to the collectin family of proteins, such as surfactant protein
A, surfactant protein D, and C1q, which are abundantly
expressed in the lung or circulation. Like adiponectin, these
proteins possess a globular head and a collagenous tail, and they
form stable trimers that undergo multimerization. The mul-

FIGURE 3—continued
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timerization of collectin family proteins enables them to func-
tion as pattern recognition molecules and modulators of mac-
rophage function (34). We have shown that adiponectin can
regulate immune responses through its ability to promote the
clearance of apoptotic cells by macrophages (35). In this proc-
ess, adiponectin serves as a soluble bridge molecule between
motifs on the surface of apoptotic cells and the phagocytic
receptors on the surface of macrophages; a property that is also

exhibited by collectin protein family
members. Thus, the observation
reported here, that adiponectin
directly regulates macrophage phe-
notype, further supports the
hypothesis that adiponectin func-
tions as an important modulator of
innate immunity.
Recent reports have shown that

changes in T cell population in adi-
pose tissue contribute to macro-
phage phenotype and inflammation
in obese organisms (36–38). It has
also been shown that cultured adi-
pocytes produce the Th2 cytokines
IL-13 and IL-4 (39). In the present
study, we demonstrated that adi-
ponectin is as effective as the Th2
cytokine IL-4 at conferring an anti-
inflammatory phenotype to macro-
phages. The immune-regulatory
properties of adiponectin are of
interest in light of the notion that
obesity leads to adipocyte death,
which triggers the recruitment of
macrophages (40). Thus, it is tempt-
ing to speculate that an impairment
ofmacrophage phagocytic function,
due in part to a reduction in adi-
ponectin expression in obese orga-
nisms, can contribute to the inflam-
mation of the fat pad. The lack of
adiponectin may lead to the forma-
tion of “crown-like” structures of
macrophages surrounding dead or
dying adipocytes that is associated
with obesity and diabetes (21,
40–41).
In summary, we show that adi-

ponectin deficiency in mice leads to
an activated macrophage pheno-
type.We also show that adiponectin
acts on cultured murine and human
macrophages to promote a switch to
an anti-inflammatory phenotype.
This regulatory feature may explain
why low levels of adiponectin are
linked with states of chronic inflam-
mation. These data also indicate that
the macrophage regulatory proper-

ties of adiponectin may significantly account for the protective
actionsof this cytokine inavarietyofmetabolic andcardiovascular
disorders.
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