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The anti-inflammatory effects of globular adiponectin
(gAcrp) are mediated by IL-10/heme oxygenase 1 (HO-1)-de-
pendent pathways. Although full-length (flAcrp) adiponectin
also suppresses LPS-induced pro-inflammatory signaling, its
signaling mechanisms are not yet understood. The aim of this
study was to examine the differential mechanisms by which
gAcrp and flAcrp suppress pro-inflammatory signaling in
macrophages. Chronic ethanol feeding increased LPS-stimu-
lated TNF-a« expression by Kupffer cells, associated with a
shift to an M1 macrophage polarization. Both gAcrp and
flAcrp suppressed TNF-« expression in Kupffer cells; how-
ever, only the effect of gAcrp was dependent on IL-10. Simi-
larly, inhibition of HO-1 activity or siRNA knockdown of
HO-1 in RAW264.7 macrophages only partially attenuated
the suppressive effects of flAcrp on MyD88-dependent and
-independent cytokine signatures. Instead, flAcrp, acting via
the adiponectin R2 receptor, potently shifted the polarization
of Kupffer cells and RAW?264.7 macrophages to an M2 phe-
notype. gAcrp, acting via the adiponectin R1 receptor, was
much less effective at eliciting an M2 pattern of gene expres-
sion. M2 polarization was also partially dependent on AMP-
activated kinase. flAcrp polarized RAW?264.7 macrophages to
an M2 phenotype in an IL-4/STAT6-dependent mechanism.
flAcrp also increased the expression of genes involved in oxi-
dative phosphorylation in RAW?264.7 macrophages, similar
to the effect of flAcrp on hepatocytes. In summary, these data
demonstrate that gAcrp and flAcrp utilize differential signal-
ing strategies to decrease the sensitivity of macrophages to
activation by TLR4 ligands, with flAcrp utilizing an IL-4/
STAT6-dependent mechanism to shift macrophage polariza-
tion to the M2/anti-inflammatory phenotype.

Resident tissue macrophages exhibit a tremendous plas-
ticity in their response to external stimuli. In particular, the
local metabolic and immune microenvironment contributes
to this plasticity (1). In response to different stimuli, macro-
phages express distinct patterns of surface receptors and
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metabolic enzymes that ultimately generate the diversity of
macrophage functions. Although the precise characteriza-
tion of macrophage diversity is continuing to evolve, two
distinct polarization states of macrophages, M1 and M2,
have been characterized (1, 2). LPS and IFNy can promote
macrophage differentiation to a “classical” or M1 phenotype
(1). The M1 activation pattern is associated with tissue
destruction and inflammation and is responsible for up-reg-
ulating pro-inflammatory cytokines and increasing produc-
tion of reactive nitrogen species and reactive oxygen species
(1). In contrast, the “alternative” or M2 activation phenotype
of macrophages is induced in response to IL-4 and IL-13.
M2-polarized macrophages dampen the inflammatory pro-
cess by producing anti-inflammatory factors, such as IL-10
and TGFB. M2 macrophages also up-regulate mannose
receptors, such as the macrophage mannose receptor
(MMR)> and mannose receptor, C type 2 (Mrc2c), IL-1
receptor antagonist (IL-1RA), and scavenger receptors, like
cluster of differentiation 36 (CD36), as well as increased
expression of arginase-1 (Arg-1). Arg-1 metabolizes arginine
to ornithine and polyamines and thereby diminishes nitric
oxide production (1). The M2 phenotype is thought to pro-
mote tissue repair after inflammation and/or injury (1).
Macrophages play a central role in resistance against patho-
gens, tissue remodeling, repair, and resolution of inflammation.
However, inappropriate regulation of macrophage function
contributes to a variety of chronic inflammatory diseases, such
as alcoholic and nonalcoholic liver disease (3). Alcoholic liver
disease is a complex process, progressing through several stages
of tissue damage and liver dysfunction that are marked by path-
ological changes in the liver ranging from steatosis and hepatitis
to cirrhosis. Chronic ethanol-induced inflammation in the liver
is associated with increased sensitivity of Kupffer cells, the res-
ident macrophage in the liver, to activation by TLR4 ligands or
phagocytosis, leading to dysregulated expression of pro-inflam-
matory mediators (4, 5). Activation of TLR4 by LPS and signal-
ing via MyD88-dependent and -independent pathways contrib-
ute to chronic ethanol-induced liver injury (6 — 8). Activation of
Kupffer cells in the liver during chronic ethanol exposure is
likely due to increased exposure to endotoxins (7), as well as in

2 The abbreviations used are: MMR, macrophage mannose receptor; AMPK,
AMP-activated kinase; flAcrp, full-length adiponectin; gAcrp, globular adi-
ponectin; gRT, quantitative real time PCR; PPAR, peroxisome proliferator-
activated receptor; Arg-1, arginase-1.
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response to hepatocellular injury (9). Although it is clear that
increased sensitivity of Kupffer cells to activation is critical to
the progression of ethanol-induced liver injury (10, 11), the
mechanisms for sustained inflammatory responses in the liver
during chronic ethanol exposure are not well understood but
may involve both increased sensitivity to pro-inflammatory sig-
nals, as well as an impaired capacity to resolve the inflammatory
response.

The resolution of inflammation is a very active, highly coor-
dinated response that is essential to sustain growth and survival
in the face of infection and tissue damage (12). Recent evidence
points to adipose tissue as a critical nexus in the regulation of
immune responses (13). Adipose tissue not only provides an
essential store of energetic substrates and inflammatory medi-
ators to support an immune response but also promotes the
termination of inflammation (13). Adiponectin (adiponectin is
the generic name for all molecular forms of adiponectin), an
abundant adipokine, has potent anti-inflammatory properties.
Adiponectin reduces macrophage differentiation and migra-
tion (14) and chemokine production (15) and suppresses T-cell
migration (15). Adiponectin potently desensitizes macro-
phages to TLR4-dependent MyD88-dependent and -indepen-
dent signaling (16 —20).

Adiponectin is present in the circulation as full-length adi-
ponectin (flAcrp); flAcrp forms a number of oligomeric forms
termed low molecular weight, middle molecular weight, and
high molecular weight. Full-length adiponectin can be proteo-
lytically cleaved to form globular adiponectin (gAcrp). Here, we
will use the general term adiponectin to indicate all these dif-
ferent molecular forms and specify either the flAcrp or gAcrp
forms when appropriate.

Although many of these anti-inflammatory responses of adi-
ponectin are mediated by both gAcrp and flAcrp (see for exam-
ple Refs. 17, 18, 21), it is not entirely understood if there are
differential signaling pathways critical to the responses to
gAcrp and flAcrp. Recent studies have identified an IL-10/
heme oxygenase-1 (HO-1)-dependent pathway that mediates
the anti-inflammatory effects of gAcrp in murine macrophages
(17, 18), whereas the anti-inflammatory effects of flAcrp are
independent of IL-10 in human macrophages (16).

Adiponectin also promotes macrophage polarization toward
an anti-inflammatory M2 phenotype both in vivo and in cul-
tured macrophages (22, 23). Adiponectin can either act directly
on macrophages to shift polarization (23) or indirectly by prim-
ing macrophages to IL-4-mediated M2 polarization (24). Here,
we have interrogated the mechanisms for adiponectin-medi-
ated polarization of macrophages, and we report that flAcrp is a
very potent inducer of M2 macrophage polarization, both in
RAW264.7 macrophages and in primary cultures of rat Kupffer
cells. In contrast, gAcrp was relatively ineffective at shifting
macrophages to the M2 phenotype. flAcrp required adiponec-
tin receptor 2 (AdipoR2) to effect macrophage polarization; this
process was dependent on IL-4 and phosphorylation of STAT6.

EXPERIMENTAL PROCEDURES
Materials—Adult male Wistar rats weighing 140 —150 g were

purchased from Harlan Sprague-Dawley (Indianapolis, IN).
Lieber-DeCarli ethanol diet (regular, number 710260) was pur-
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chased from Dyets (Bethlehem, PA). Recombinant human
gAcrp expressed in Escherichia coli was purchased from Pepro-
Tech, Inc. (Rocky Hill, NJ). Recombinant human full-length
Acrp expressed in HEK293 cells was purchased from Biovendor
Research and Diagnostic Products (Candler, NC). Adiponectin
preparations contained less than 0.2 ng of LPS/ug protein.
Recombinant rat IL-10 and recombinant mouse IL-4 were pur-
chased from R&D Systems, Inc. (Minneapolis, MN). Cell cul-
ture reagents were from Invitrogen. Antibodies were from the
following sources: total ERK1/2 (Upstate Biotechnology; Lake
Placid, NY); AMPK, phospho-STAT3, and phospho-STAT6
(Cell Signaling Technology, Inc., Danvers, MA); heat shock
protein 70 (Hsc70) (Alpha Diagnostic, San Antonio, TX);
STAT3 and STAT6 (Santa Cruz Biotechnology, Santa Cruz,
CA); anti-rat IL-4 (R&D Systems); and anti-mouse/human IL-4
(Millipore, Temecula, CA). Anti-rabbit and anti-mouse IgG-
peroxidase antibodies were purchased from Roche Applied Sci-
ence. LPS from E. coli serotype 026:B6 (tissue culture-tested,
L-2654) was purchased from Sigma; all experiments were car-
ried out with a single lot of LPS (lot number 064K4077). Mouse
bone marrow macrophage and RAW264.7 cell nucleofection
kit was purchased from Lonza (Cologne, Germany). Phyco-
erythrin-conjugated CD206, rat anti-mouse IgG1, and CD32/
CD16 Fcvy receptor blocking antibodies were purchased from
eBioscience (San Diego). Zinc protoporphyrin was purchased
from Frontier Scientific, Inc. (Logan, UT).

Chronic Ethanol Feeding and Kupffer Cell Isolation—All pro-
cedures involving animals were approved by the Institutional
Animal Care and Use Committee at the Cleveland Clinic.
Chronic ethanol feeding to rats, as well as the isolation and
culture of Kupffer cells, were performed as described previously
(25). Briefly, rats were allowed free access to the Lieber-Decarli
high fat complete liquid diet for 2 days and then randomly
assigned to pair-fed or ethanol-fed groups. Ethanol-fed rats
were allowed free access to a liquid diet containing 17% of the
calories (3.3% v/v) from ethanol for 2 days and then a liquid diet
containing 35% of the calories (6.6% v/v) from ethanol for 4
weeks. Control rats were pair-fed a liquid diet in which maltose
dextrins were substituted isocalorically for ethanol over the
entire feeding period. Kupffer cells were isolated and cultured,
as described previously (25). For experiments measuring IL-4
protein, Kupffer cells were isolated from chow-fed control rats.
Briefly, isolated Kupffer cells were suspended in Connaught
Media Research Laboratory (CMRL)-1066 media with 10%
FBS, L-glutamine, and antibiotic/antimycotic (CMRL-FBS) at a
concentration of 2 X 10° cells/ml. Cell suspensions were imme-
diately plated onto 96-well (0.2 X 10° cells/well for analysis of
mRNA) or 24-well (1.5 X 10° cells/well for flow cytometry and
Western blot analysis) culture plates. One hour after plating the
isolated Kupffer cells, nonadherent cells were removed by aspi-
ration, and fresh media with or without gAcrp or flAcrp were
added. After 18 h in culture, cells were treated with or without
100 ng/ml LPS, as indicated in the figure legends.

Nucleofection in Rat Kupffer Cells—Freshly isolated Kupffer
cells were transfected using the Amaxa mouse macrophage
Nucleofector kit according to the instructions of the manufac-
turer using the Y-001 program (Lonza, Cologne, Germany),
except for the following modifications. Samples were processed
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individually, and the entire nucleofection procedure for each
sample was completed in less than 5 min. For each nucleofec-
tion sample, 2 X 10° Kupffer cells were centrifuged for 10 min
at 300 X g. The pellet was washed with 1 ml of PBS, collected at
300 X g for 5 min, and then resuspended in 105 ul of mouse
macrophage nucleofector solution and transferred to a 1.5-ml
Eppendorf tube for a final concentration of ~2 X 10° cells/100
ul. Cells were then treated or not with 2.0 ug of specific or
scrambled siRNA (siRNA sequences are provided in supple-
mental Table 2), transferred into the electroporation cuvette,
and placed in the Nucleofector device. After nucleofection,
cells were immediately removed from the cuvette and plated in
a96-well plate (150 ul/well) at 0.5 X 10° cells/well. After 4 h, the
cell culture medium was replaced with fresh medium either
with or without 45 nM gAcrp or 45 nm flAcrp for 18 h and then
treated with or without LPS, as described in the figure legends.

Culture and Nucleofection of RAW264.7 Macrophages—The
murine RAW264.7 macrophage-like cell line was routinely cul-
tured in DMEM with 10% fetal bovine serum and penicillin/
streptomycin at 37 °C and 5% CO.,,.

For siRNA knockdown experiments, RAW264.7 cells were
transfected using the Amaxa Nucleofector apparatus (Lonza,
Cologne, Germany). Briefly, 2 X 10° cells were resuspended in
105 ul of nucleofector solution and were nucleofected with 100
nMm of specific or scrambled siRNA in the Nucleofector device
using the D-032 program, according to the instructions of the
manufacturer. After nucleofection, 500 wul of pre-warmed
DMEM was added to the transfection mixture, and cells were
transferred to 12-well plates containing 1.5 ml of pre-warmed
DMEM per well. Transfected cells were seeded at 10.2 X 10%/
cm? in 96-well plates and cultured for 24 h prior to experimen-
tal treatments. Validated Silencer Select siRNA pre-designed
sequences were purchased from Ambion/Applied Biosystems.
Efficiency of knockdown was determined by Western blot anal-
ysis and quantitative real time PCR (qQRT-PCR) (supplemental
Fig. 1).

RNA Isolation and qRT-PCR—Total RNA was isolated and
reverse-transcribed, and qRT-PCR amplification was per-
formed. The relative amount of target mRNA was deter-
mined using the comparative threshold (Ct) method by nor-
malizing target mRNA Ct values to those of 18 S. RNA was
isolated from Kupffer cells and RAW264.7 macrophages
using the RNeasy micro kit (Qiagen), with on-column DNA
digestion using the RNase-free DNase set (Qiagen) accord-
ing to the manufacturer’s instructions. Total RNA (200-300
ng) was reverse-transcribed using the RETROscript kit
(Ambion/Applied Biosystems) with random decamers as
primers. qRT-PCR amplification was performed in an
Mx3000p (Stratagene, La Jolla, CA) using SYBR Green PCR
core reagents (Applied Biosystems; Warrington, UK). All
primers used for qRT-PCR analysis were synthesized by
Integrated DNA Technologies (Coralville, IA). Statistical
analysis of qRT-PCR data was performed using ACt values.
Details of the primer sequences are provided in supplemen-
tal Table 1.

Western Blot Analysis—After experimental treatments,
Kupffer cells or RAW?264.7 macrophages were washed by cold
PBS and lysed in radioimmunoprecipitation assay (RIPA)
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buffer containing 100 um sodium orthovanadate. Total cellular
extracts (20 ug) were separated in a 10% SDS-polyacrylamide
gel and transferred onto PVDF membranes. Membranes were
first probed with either phospho-specific STAT3 or STAT6
antibody, followed by secondary antibody conjugated with HRP
and then visualized with enhanced chemiluminescence detec-
tion reagents (Amersham Biosciences). The membranes were
then stripped and reprobed with antibody against total STATS3,
STATS6, or HSC70 as a loading control. Signal intensities were
quantified by densitometry using ImageJ software (National
Institutes of Health, Bethesda).

Flow Cytometry Analysis— After 18 h of culture with or with-
out gAcrp, RAW?264.7 cells were gently scraped and adjusted to
1 X 10° cells/ml with culture media. Cells were greater than
90% viable as determined by trypan blue exclusion. The cells
were centrifuged at 100 X g for 10 min. The pellet was washed
with PBS and resuspended in 100 ul of PBS with 0.1% sodium
azide and then blocked with 1.0 ug of anti-mouse CD32/CD16
Fcy receptor blocking antibody for 15 min at 4 °C. Cells were
then stained with 0.5 ug of phycoerythrin-conjugated CD206
or isotype control (phycoerythrin-conjugated IgG1) diluted in
PBS containing 0.1% sodium azide for 30 min. Cells were
washed twice with PBS, resuspended in 0.5 ml of wash buffer
(final concentration ~10° cells in 0.5 ml), and kept on ice until
flow cytometric measurements were performed on a FACScan
flow cytometer (Immunocytometry Systems, Mountain View,
CA). Data were acquired and processed using Flow]Jo software
(BD Biosciences).

Statistical Analysis—Because of the limited number of
Kupffer cells available from each animal, data from several feed-
ing trials are presented in this study. All values are reported as
means * S.E. Data were analyzed by general linear models pro-
cedure (SAS; Carey, NC). Data were log transformed, if needed,
to obtain a normal distribution. Follow-up comparisons were
made by least square means testing.

RESULTS

Differential Role of IL-10 in Mediating the Effects of gAcrp and
flAcrp in Kupffer Cells—Chronic ethanol exposure sensitizes
Kupffer cells to stimulation with LPS (Fig. 1). Treatment of
Kupffer cells from ethanol-fed rats with 45 nm gAcrp normal-
izes TLR4-dependent cytokine expression via both MyD88-
dependent and -independent pathways via an IL-10/HO-1
dependent pathway (Fig. 1) (17, 18). Treatment of Kupffer cells
with 45 nMm flAcrp also reduced LPS-stimulated TNF-« expres-
sion (Fig. 1). This concentration of flAcrp (45 nm or 10 pg/ml)
maximally suppresses LPS-stimulated TNF-a mRNA expres-
sion in Kupffer cells (25). However, this response was not atten-
uated by siRNA knockdown of IL-10 expression, compared
with Kupffer cells that were not transfected or transfected with
scrambled siRNA (Fig. 1).

Decreased TLR4-mediated Cytokine Expression by flAcrp Is
Only Partially Dependent on HO-1 in RAW264.7 Macrophages—
To delineate more precisely the differential molecular mecha-
nisms for the anti-inflammatory effects of gAcrp and flAcrp,
studies were conducted in the macrophage-like cell line,
RAW264.7. gAcrp suppresses both TLR4-MyD88-dependent
and -independent signaling in RAW?264.7 macrophages via an
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FIGURE 1. Anti-inflammatory effects of gAcrp and flAcrp are differentially
dependent on IL-10 in Kupffer cells from ethanol- and pair-fed rats.
Kupffer cells isolated from ethanol- and pair-fed rats were transfected or not
with 100 nm IL-10 siRNA or scrambled siRNA and then cultured with or with-
out 45 nmgAcrp or flAcrp for 18 h. Kupffer cells were then stimulated with 100
ng/ml LPS for 60 min, and TNF-a and 18 S mRNA were measured by qRT-PCR.
n = 4. Values with different superscripts (a-d) within each treatment group
are significantly different from each other (p < 0.05).

IL-10/HO-1 pathway (18). Culture of RAW?264.7 macrophages
with flAcrp for 18 h also decreased LPS-stimulated expression
of MyD88-signature cytokines, TNF-a and IL-6 (Fig. 2, A and
C), as well as MyD88-independent signature cytokines/chemo-
kines, IFNB and chemokine (CXC motif) ligand 10 (CXCL10)
(Fig. 2, Band D). Both gAcrp and flAcrp increased expression of
HO-1 mRNA and protein in RAW?264.7 macrophages (supple-
mental Fig. 2). Although the anti-inflammatory effects of gAcrp
are completely dependent on HO-1 expression (17, 18), inhibi-
tion of HO-1, either with the use of a zinc protoporphyrin (Fig.
2, A and B), a chemical inhibitor of HO-1 activity, or by siRNA
knockdown of HO-1 expression (Fig. 2, C and D), only partially
prevented the anti-inflammatory effects of flAcrp on expres-
sion of both MyD88-dependent and -independent cytokine sig-
natures (Fig. 2). Taken together, these data suggest that, in con-
trast to gAcrp, the anti-inflammatory effects of flAcrp were
independent of IL-10 and only partially dependent on HO-1
(Figs. 1 and 2).

flAcrp Shifts Kupffer Cells to an M2 Phenotype—Macrophage
polarization between M1 and M2 phenotypes is an important
mechanism for the regulation of inflammatory responses.
Kupffer cells isolated from ethanol-fed rats exhibited a more
predominant M1 polarization, characterized by increased
expression of inducible NOS, an M1 marker, and decreased
expression of M2 markers, including Arg-1, IL-4Ra, and MMR
compared with Kupffer cells from pair-fed controls (Fig. 3A4).
This polarization is consistent with increased production of
inflammatory cytokines typically observed after chronic etha-
nol exposure (Fig. 1) (5). Because alternative macrophage polar-
ization is dependent on IL-4- and/or IL-13-mediated signaling
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pathways (26), rather than IL-10, we hypothesized that flAcrp
may act to desensitize Kupffer cells to LPS (Fig. 1) by differen-
tially polarizing Kupffer cells to an M2 phenotype. Treatment
of Kupffer cells with 45 nm flAcrp strongly increased the
expression of markers of M2 polarization, including Arg-1,
MMR, and IL-4Ra (Fig. 3B). This effect of flAcrp was more
potent in Kupffer cells from ethanol-fed rats compared with
pair-fed controls (Fig. 3B), consistent with previous data indi-
cating that, after ethanol feeding, Kupffer cells are more sensi-
tive to the anti-inflammatory effects of adiponectin compared
with cells from pair-fed controls (25). In contrast, gAcrp had
minimal effects on the expression of M2 markers (Fig. 3B). Nei-
ther gAcrp nor flAcrp decreased the expression of inducible
NOS under these conditions (Fig. 3B).

Dose-dependent Polarization of RAW264.7 Macrophages to
the M2 Phenotype by flAcrp—RAW?264.7 macrophages were
cultured with 4.5 or 45 nm gAcrp and flAcrp. These concentra-
tions were chosen based on the relative affinity of gAcrp for
AdipoR1 and flAcrp for AdipoR2; gAcrp binds AdipoR1 with
1.14 nw affinity, and flAcrp binds AdipoR2 with 49 nwm affinity
(27). Although gAcrp had a modest effect on shifting the gene
expression profiles of RAW264.7 macrophages to an M2 signa-
ture, flAcrp dose-dependently shifted RAW264.7 macrophages
to an M2 phenotype (Fig. 4). flAcrp potently increased the
expression of multiple markers of M2 macrophages, including
Arg-1, scavenger receptors (CD36), surface lectins (macro-
phage galactose N-acetylgalactosamine-specific lectins 1 and 2
(Mgl1 and Mgl2)), secreted lectins (chitinase-3-like 3 (Chi3I3 or
YM-1)), and cytokine receptors (IL-4 receptor « (IL-4Ra)) (Fig.
4). Surface expression of CD206, a marker for M2 macrophages,
was increased to a greater extent by flAcrp compared with
gAcrp (Fig. 41).

flAcrp Utilizes AdipoR2 to Shift Macrophage Polarization to
the M2 Phenotype—To identify the adiponectin receptor
required for M2 polarization by flAcrp, RAW264.7 macro-
phages were transfected or not with siRNA against AdipoR1,
AdipoR2, or scrambled siRNA. Transfection with specific
siRNAs effectively decreased expression of AdipoR1 and Adi-
poR2 (supplemental Fig. 1). In cells not transfected with siRNA
or transfected with a scrambled siRNA, both gAcrp and flAcrp
induced an mRNA expression profile characteristic of an M2
phenotype (Fig. 5). siRNA knockdown of AdipoR1 prevented
the modest effects of gAcrp on expression of M2 markers but
had no effect on the response to flAcrp (Fig. 5). In contrast,
siRNA knockdown of AdipoR2 only prevented the response to
flAcrp, whereas scrambled siRNA had no effect (Fig. 5). These
data thus demonstrate that flAcrp acts primarily via AdipoR2 to
polarize macrophages to an M2 phenotype, consistent with the
higher affinity of flAcrp for AdipoR2 compared with AdipoR1
(27).

flAcrp-mediated Macrophage M2 Polarization Is Dependent
on IL-4 Expression—Alternative macrophage polarization is
mediated via IL-4/IL-13-dependent pathways (1). flAcrp, but
not gAcrp, induced IL-4 mRNA accumulation (Fig. 6A). Nei-
ther form of adiponectin significantly increased IL-13 mRNA
accumulation (data not shown). Treatment with flAcrp
increased IL-4 protein expression in RAW?264.7 macrophages
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FIGURE 2. HO-1 partially mediates the inhibitory effects of flAcrp on MyD88-dependent and -independent cytokine signatures in RAW264.7 macro-
phages. A and B, RAW264.7 cells were cultured for 18 h in the absence or presence of 0.5 um zinc protoporphyrin (ZnPP) in the presence or absence of flAcrp
(45 nm). Cells were then stimulated with 100 ng/ml LPS for 4 h and expression of TNFa and IL-6 mRNA (A) and IFN-B and CXCL10 mRNA (B) were normalized to
18 SmRNA. Cand D, RAW264.7 cells were transfected or not with 100 nm of HO-1 siRNA or scrambled siRNA and then cultured with or without 45 nm flAcrp for
18 h.Cells were then stimulated with LPS for 4 h. TNFa and IL-6 mRNA (C) and IFN-B and CXCL10 mRNA (D) were normalized to 18 SmRNA.n = 4. LPS-stimulated
cells with different superscripts (a-c) are significantly different from each other (p < 0.05).

(Fig. 6A, inset). Similarly, primary Kupffer cells released IL-4
protein in response to flAcrp (Fig. 64, inset).

To determine the mechanisms by which flAcrp polarizes
macrophages to an M2 phenotype, RAW264.7 macrophages
were transfected with siRNA to knock down expression of
IL-10, HO-1, and IL-4. siRNA knockdown decreased expres-
sion of each of these target genes (supplemental Fig. 1). As
expected from the differential role of IL-10/HO-1 in mediating
the effects of gAcrp and flAcrp on LPS-stimulated cytokine
expression (Figs. 1 and 2), siRNA knockdown of IL-10 had no
effect on flAcrp-mediated M2 polarization, whereas siRNA
knockdown of HO-1 only partially prevented M2 polarization
in RAW264.7 macrophages (Fig. 6, B—D). In contrast, siRNA
knockdown of IL-4 reduced flAcrp-mediated M2 polarization
by more than 75% (Fig. 6, B-D).

Stimulation of Kupffer cells (Fig. 6E) or RAW264.7 macro-
phages (Fig. 6F) with gAcrp differentially increased the phos-
phorylation of STAT3, whereas flAcrp increased phos-
phorylation of STAT6. siRNA knockdown of IL-10 prevented
gAcrp-stimulated STAT3 phosphorylation but had no effect on

13464 JOURNAL OF BIOLOGICAL CHEMISTRY

flAcrp-stimulated STAT6 phosphorylation in RAW?264.7
macrophages (Fig. 6F). In contrast, siRNA knockdown of IL-4
prevented flAcrp-stimulated STAT6 phosphorylation but
not gAcrp-dependent STAT3 phosphorylation (Fig. 6F). If
flAcrp acts via an IL-4-dependent, but IL-10-independent,
mechanism to polarize macrophages, then siRNA knock-
down of STAT6 should ameliorate the effects of flAcrp,
whereas siRNA knockdown of STAT3 should have no effect.
Knockdown of STAT6 potently inhibited flAcrp-mediated
expression of M2 marker genes, including Arg-1, Mgl2, and
IL-4Ra (Fig. 7). In contrast, knockdown of STAT3 reduced
the modest impact of gAcrp to polarize RAW264.7 macro-
phages but had minimal effect on flAcrp-mediated expres-
sion of M2 markers (Fig. 7).

M2 Macrophage Polarization by flAcrp Is Dependent on
AMPK in Kupffer Cells from Ethanol- and Pair-fed Rats—
AMPK activation is associated with adiponectin receptor sig-
naling (28), as well as M2 polarization in macrophages (29).
When AMPK was knocked down in Kupffer cells from ethanol-
and pair-fed rats, flAcrp-mediated increases in Arg-1 expres-
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sion were partially attenuated, compared with cells transfected
or not with scrambled siRNA (Fig. 8).

M2 Polarization by flAcrp Involved Changes in Metabolic
Activity of Macrophages—One of the most critical metabolic
functions of flAcrp, acting via AdipoR2, is to increase oxidative
metabolism in a number of target cells, most importantly hepa-
tocytes (30). Increased oxidative metabolism leads to an

APRIL 15,2011 «VOLUME 286+-NUMBER 15

increase in fatty acid oxidation and can prevent hepatic steato-
sis in both alcoholic and nonalcoholic liver disease (31). Inter-
estingly, Chawla and co-workers (32) have discovered that M2
polarization of macrophages also involves a shift in macro-
phage metabolism to favor oxidative phosphorylation. There-
fore, we next investigated whether M2 polarization by flAcrp
also involved a shift in expression of genes involved in oxidative
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phosphorylation and lipid oxidation. flAcrp induced expression
of mRNA for peroxisome proliferator-activated receptors
(PPARS and PPARY) as well as medium chain acyl-CoA dehy-
drogenase and acyl-CoA oxidase (Fig. 9).

DISCUSSION

Activation of macrophages to secrete pro-inflammatory
mediators is an essential response for defense against patho-
gens, as well as in response to tissue injury. However, the ter-
mination of pro-inflammatory signals is just as critical, both to
prevent excessive damage during a response to pathogens and
to promote a wound healing response. Decreased inflammatory
responses by macrophages can be associated with decreased
expression of TLR4 and/or via a shift to an alternative/M2
polarization (1). Adiponectin is an adipokine with potent anti-
inflammatory properties (30). Adiponectin has complex effects
on TLR4-dependent signal transduction signaling (16 —20) and
can also shift macrophages to an M2 polarization both in vivo
and in isolated cells (22, 23). However, our understanding of the
molecular mechanisms for adiponectin-mediated responses is
very limited. We recently identified an AdipoR1 — IL-10 —
HO-1-dependent pathway utilized by gAcrp to decrease TLR4
expression and dampen inflammatory cytokine expression in
macrophages (17, 18). Here, we have characterized an addi-
tional anti-inflammatory pathway of adiponectin action that is
differentially mediated by flAcrp and leads to a shift in macro-
phages to an M2 polarization. This M2 polarization in response
to flAcrp is mediated via an AdipoR2 — IL-4 — STAT6-depen-
dent signaling pathway.

Adiponectin is an abundant serum protein, with concentra-
tions on the order of 10—40 ug/ml, circulating in its high
molecular weight form. gAcrp is not typically detected in the
circulation; instead, it is likely that secreted proteases act to
generate gAcrp in localized environments (33). Therefore, it is
likely that the local concentration of gAcrp is a critical factor for
some of the anti-inflammatory effects of adiponectin on
macrophages.

Adiponectin acts via interactions with AdipoR1 and Adi-
poR2. AdipoR2 has ~67% homology at the amino acid level
with AdipoR1 (27). AdipoR1 is a high affinity receptor for
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gAcrp and a low affinity receptor for flAcrp, whereas AdipoR2
binds both with flAcrp and gAcrp (27). In macrophages, the
anti-inflammatory effects of gAcrp are dependent on AdipoR1
(17), whereas AdipoR2 is required for flAcrp-mediated M2
polarization (Fig. 5). The signaling modules activated by adi-
ponectin receptors are not well characterized, but several stud-
ies suggest that there is an important role for adaptor protein
containing the pleckstrin homology domain (34) in response
activation of both AdipoR1 and AdipoR2. In hepatocytes and
myocytes, adiponectin activation of AdipoR1 is associated with
the activation of AMPK, whereas activation of AdipoR2 acti-
vates PPAR« (35). Here, we find that AMPK is a partial media-
tor of flAcrp-dependent M2 polarization in Kupffer cells. Fur-
thermore, flAcrp also increased expression of PPARvy and
PPARS (Fig. 9), with minimal effects on PPARa (data not
shown) in RAW264.7 macrophages. Further research will be
required to adequately understand the differential signaling
mechanisms activated by each adiponectin receptor in the dif-
ferent cell types expressing these receptors.

Despite the lack of knowledge regarding the upstream signal-
ing mechanisms for AdipoR1 and AdipoR2 in macrophages, it
is clear that the anti-inflammatory responses to gAcrp and
flAcrp are mediated via different downstream signaling path-
ways. Although the anti-inflammatory effects of gAcrp are
mediated by an IL-10/HO-1-dependent pathway (17, 18), Libby
and co-workers reported that flAcrp inhibits pro-inflammatory
signaling in human macrophages via an IL-10-independent
pathway (16). Here, we report that flAcrp-mediated M2 polar-
ization in macrophages is independent of IL-10 but dependent
on IL-4 expression (Fig. 6). Furthermore, although the anti-
inflammatory effects of gAcrp are completely dependent on
HO-1 (17, 18), here we find that the anti-inflammatory effects
of flAcrp are only partially dependent on HO-1 expression. This
partial role for HO-1 is likely due to induction of HO-1 by IL-4
(36).

Alternative macrophage polarization in vivo is prototypically
driven by the Th2 cytokines IL-4 and IL-13; these cytokines
then activate STAT6 in macrophages to evoke an alternative
phenotype. IL-4 and IL-13 are expressed by a number of cells in
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the innate immune system, including macrophages (37). Here,
we find that both RAW?264.7 macrophages and primary Kupffer
cells produce IL-4 protein in response to flAcrp (Fig. 64). In
RAW?264.7 macrophages, knockdown of endogenously synthe-
sized IL-4 prevented phosphorylation of STAT6 and M2 polar-
ization by flAcrp (Fig. 6). Furthermore, flAcrp increased IL-4
mRNA and phosphorylation of STATS, a signal typical of IL-4
receptor activation, but not IL-13 mRNA or phosphorylation of
STATS3, a signal observed in response to IL-13 (1). Taken
together, these data suggest an essential role for IL-4 in the
regulation of macrophage polarization by flAcrp.

After chronic ethanol exposure, Kupffer cells are sensitized
to TLR4-mediated activation of MyD88-dependent and
MyD88-independent signaling (18). Here, we report that
chronic ethanol feeding also promotes the polarization of
Kupffer cells to an M1 phenotype. This polarization to an
M1/inflammatory phenotype is consistent with numerous
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reports of enhanced TLR4-stimulated pro-inflammatory cyto-
kine expression, via both MyD88-dependent and -independent
pathways, by Kupffer cells after chronic ethanol exposure (5, 11,
18). Treatment with flAcrp increased expression of M2 markers
in Kupffer cells from both ethanol- and pair-fed rats, associated
with a suppression of LPS-stimulated TNF-« expression in pri-
mary cultures of Kupffer cells.

Circulating adiponectin concentrations are decreased in
some murine models of chronic ethanol exposure (38),
although the association in patients with alcoholic liver disease
likely varies with stage of disease (39). In animal models of
genetic or diet-induced obesity, adiponectin is also decreased
and is associated with increased inflammatory responses in
both adipose tissue and liver, as well as macrophage polariza-
tion to the M1 phenotype in adipose, muscle, and liver (32, 40).
Treatment of obese mice with PPARy or PPARS agonists
restores adiponectin concentrations (40) and induces M2
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polarization of tissue macrophages (41). Although PPARYy and
PPARGS agonists each can protect mice from chronic ethanol-
induced liver injury (42, 43), the impact of these agonists on
macrophage polarization during chronic ethanol exposure is
not known. Evidence also indicates that changes in the M1/M2
phenotypic balance can impact diverse disease conditions,
including tumorigenesis, pulmonary disease, as well as bacterial
and viral infections (1). However, much less is known about the
role of adiponectin in these nonmetabolic diseases.
Comprehensive gene analysis studies of macrophage differ-
entiation and polarization suggest that genes regulating metab-
olism, in particular lipid metabolism, are very actively up-reg-
ulated during macrophage polarization (44). These changes
likely support changes in metabolic demand in the M2 macro-
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phages. Odegaard et al. (32, 41) hypothesize that PPAR7y and
PPARS work coordinately to achieve maximal M2 polarization,
with PPARY increasing oxidative phosphorylation, thus shift-
ing the metabolic programming of the macrophages, whereas
PPARS mediates expression of pattern recognition receptors
and co-stimulatory molecules. In RAW264.7 macrophages,
flAcrp increased expression of both PPARy and PPARS, as well
as genes regulating oxidative phosphorylation. These data sug-
gest that flAcrp is effectively changing gene expression patterns
regulating both the metabolic capacity and immune activity of
M2 macrophages. Interestingly, AdipoR2 activation by flAcrp is
classically associated with increased fatty acid oxidation in
hepatocytes and myocytes (28, 30), suggesting that the actions
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of flAcrp on primarily metabolic tissues, such as hepatocytes
and muscle, and immune cells, such as macrophages, are likely
mediated via regulation of some of the same metabolic
pathways.
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