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Macrophages participate pivotally in the pathogenesis of
many chronic inflammatory diseases including atherosclerosis.
Adiponectin, a vasculoprotective molecule with insulin-sensi-
tizing and anti-atherogenic properties, suppresses pro-inflam-
matory gene expression in macrophages by mechanisms that
remain incompletely understood. This study investigated the
effects of adiponectin on major pro-inflammatory signaling
pathways in human macrophages. We demonstrate that pre-
treatment of these cells with adiponectin inhibits phospho-
rylation of nuclear factor kB inhibitor (IxB), c-Jun N-terminal
kinase (JNK), and p38 mitogen-activated protein kinase
(MAPK), induced by either lipopolysaccharide (LPS) or tumor
necrosis factor (ITNF) «, as well as STAT3 phosphorylation
induced by interleukin-6 (IL6). Antagonism of IL10 by either
neutralizing antibodies or siRNA-mediated silencing did not
abrogate the anti-inflammatory actions of adiponectin, indicat-
ing that the ability of adiponectin to render human macro-
phages tolerant to various pro-inflammatory stimuli does not
require this cytokine. A systematic search for adiponectin-in-
ducible genes with established anti-inflammatory properties
revealed that adiponectin augmented the expression of A20,
suppressor of cytokine signaling (SOCS) 3, B-cell CLL/lym-
phoma (BCL) 3, TNF receptor-associated factor (TRAF) 1, and
TNFAIP3-interacting protein (TNIP) 3. These results suggest
that adiponectin triggers a multifaceted response in human
macrophages by inducing the expression of various anti-inflam-
matory proteins that act at different levels in concert to suppress
macrophage activation.

Adipose tissue, long considered a lipid storage depot, has
now gained recognition as an endocrine organ that produces
various bioactive molecules with local and systemic functions,
collectively known as adipokines (1, 2). Among them, adiponec-
tin has emerged as a key vasculoprotective molecule with insu-
lin-sensitizing, anti-inflammatory, and anti-atherogenic prop-
erties (3—-5). Numerous (but not all) clinical studies have
correlated hypoadiponectinemia with incidence of coronary
artery disease, insulin resistance, type 2 diabetes, and hyperten-
sion. Experimental studies have demonstrated anti-inflamma-
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tory and anti-atherogenic properties of adiponectin by showing
that its in vivo overexpression reversed abnormal neointimal
thickening in adiponectin-deficient mice, alleviated atheroscle-
rotic lesions in apolipoprotein E-deficient mice, and improved
endothelial vasodilator dysfunction and hypertension in obese
mice. Cell-based studies demonstrated various potentially anti-
atherogenic functions of adiponectin in the major cell types
found in atheroma: endothelial cells, smooth muscle cells, and
macrophages (3-5).

Adiponectin circulates in the plasma at concentrations of
3-30 pg/ml, forming three major oligomeric complexes with
distinct biological functions: trimer, hexamer, and high molec-
ular mass form (3-5). A bioactive proteolytic product that
includes the adiponectin C1q-like globular domain also exists
in plasma, albeit at very low concentrations (6), and in cell cul-
ture medium conditioned by THP-1 or U937 cells stimulated
with phorbol esters (7).

Macrophages contribute critically to the pathogenesis of
many chronic inflammatory processes including atherogenesis,
and thus comprise key targets for the anti-inflammatory action
ofadiponectin. Adiponectin inhibits lipopolysaccharide (LPS)>-
induced pro-inflammatory gene expression in pig and human
macrophages, rat Kupffer cells, and RAW264.7 cells by mech-
anisms that remain incompletely understood but that involve
suppression of LPS-induced nuclear factor kB (NFkB) activa-
tion (8 —11). Adiponectin induces expression of interleukin-10
(IL10), an immunomodulatory cytokine with potent anti-in-
flammatory activity, in leukocytes (12, 13). Park et al. (14)
recently showed that IL10 generated after treating RAW 264.7
cells with globular adiponectin figures essentially in rendering
macrophages tolerant to LPS.

We have recently reported that full-length adiponectin
inhibits expression of T-lymphocyte-active CXC chemokine
receptor 3 (CXCR3) chemokine ligands in human macrophages
stimulated by LPS, a process that involves inhibition of inter-
feron (IFN) regulatory factor 3 (IRF3) activation (15). The pres-
ent study investigated in detail the effects of adiponectin on
signaling pathways elicited by the potent pro-inflammatory
stimulants LPS, TNFe, and IL6 in human macrophages, and

2 The abbreviations used are: LPS, lipopolysaccharide; NF«B, nuclear factor
kB; IL10, interleukin-10; IFN, interferon; TNFea, tumor necrosis factor o; IL6,
interleukin-6; SOCS3, suppressor of cytokine signaling 3; BCL3, B-cell CLL/
lymphoma 3; TRAF1, TNF receptor-associated factor 1; kB, NFkB inhibitor
a; JNK, c-Jun N-terminal kinase; MAPK, mitogen-activated protein kinase;
STAT3, signal transducer and activation of transcription 3; RT-qPCR,
reverse transcription-quantitative PCR; siRNA, small interfering RNA; TLR,
Toll-like receptor; MyD88, myeloid differentiation primary-response pro-
tein 88;1P10, IFN-inducible protein 10.
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addressed in particular the role of IL10 as a potential mediator
of adiponectin function. Our results indicate that adiponectin-
induced anti-inflammation in primary human macrophages
occurs primarily independently of IL10 and likely involves the
concerted action of a group of adiponectin-induced anti-in-
flammatory molecules that include A20, suppressor of cytokine
signaling (SOCS) 3, B-cell CLL/lymphoma (BCL) 3, and TNF
receptor-associated factor (TRAF) 1.

EXPERIMENTAL PROCEDURES

Reagents—Human recombinant adiponectin expressed in
HEK?293 cells was purchased from BioVendor. It contained less
than 40 pg endotoxin/ml as determined by the chromogenic
Limulus amebocyte assay (Cape Cod, Falmouth, MA). TNFa,
IL6, and IL10 were from R&D. LPS from Escherichia coli sero-
type 055: B6 was from Calbiochem. Polymyxin B was from
Sigma. Antibodies to phospho-NF«B inhibitor (I«B) « (Ser®?),
c-Jun N-terminal kinase (JNK), phospho-JNK (Thr'®3/Tyr'#),
p38 mitogen-activated protein kinase (MAPK), phospho-p38
MAPK (Thr'®®/Tyr'®?), B-actin, signal transducer, and activa-
tion of transcription (STAT) 3, and phospho-STAT3 (Tyr”%°)
were from Cell Signaling Technology; anti-IL10, anti-TLR4,
IgG isotype controls, and anti-A20 antibodies were from eBio-
science; anti-BCL3 and anti-TRAF1 antibodies were from
Santa Cruz Biotechnology; and anti-SOCS3 antibody was from
Immuno-Biological Laboratories.

Isolation and Treatment of Human Macrophages—Human
monocytes were isolated from freshly prepared leukocyte con-
centrates and differentiated to macrophages as described (16).
To test the suppressive effects of adiponectin, macrophages
were incubated in RPMI 1640 containing 1% human serum
with or without various concentrations of adiponectin for 18 h,
followed by the addition of 5 ng/ml LPS, 50 ng/ml TNFg, or 5
ng/ml IL6 for the indicated time. To test the effects of adiponec-
tin on gene expression, macrophages were incubated in RPMI
1640 containing 1% human serum with or without 10 pg/ml
adiponectin for the indicated time.

RNA Isolation and Reverse Transcription-Quantitative PCR
(RT-gPCR)—Total RNA was isolated using an RNeasy kit (Qia-
gen) and reverse-transcribed by Superscript II (Invitrogen).
Quantitative PCR was performed in a MyiQ Single-Color Real-
Time PCR system using SYBR Green I (Bio-Rad). The mRNA
levels of the various genes tested were normalized to 18S as an
internal control. The primer sequences were: TNFq, 5'-ATC-
TACTCCCAGGTCCTCTTCAA-3" and 5'-GCAATGATCC-
CAAAGTAGACCT-3'; IL6, 5'-AGTGAGGAACAAGCCAG-
AGCTGTCCAGATG-3' and 5'-AATCTGAGGTGCCCATG-
CTACATTTGCCGA-3'; 18S, 5'-ATGGCCGTTCTTAGTT-
GGTG-3' and 5'-GAACGCCACTTGTCCCTCTA-3'; IEN-
inducible protein 10 (IP10), 5'-GAGCCTCAGCAGAGGAACC-
3" and 5'-GAGTCAGAAAGATAAGGCAGC-3';1L10, 5'-GAT-
GCCTTCAGCAGAGTGAA-3' and 5'-GCAACCCAGGTAAC-
CCTTAAA-3"; SOCS3, 5'-TGCGCCTCAAGACCTTCAG-3’
and 5'-GAGCTGTCGCGGATCAGAAA-3'; BCL3,5'-CACC-
GAGTGCCAAGAAACC-3' and 5'-CACCATGCTAAGGCT-
GTTGTT-3'; A20, 5'-AAGCTGTGAAGATACGGGAGA-3’
and 5'-CGATGAGGGCTTTGTGGATGAT-3'; TRAF1, 5'-
AAGGGAGCTAGCCAGAGGAC-3' and 5'-GTCCTGCC-
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ATCCTAACCAGA-3'; TNFAIP3-interacting protein 3
(TNIP3), 5'-AAACTTCCCAATCCCAGTTGAAC-3" and
5'-GGGTGGGCAATACATCTGTTTT-3'.

¢DNA Microarray Screening—Macrophages from four inde-
pendent donors were treated with or without 10 wg/ml adi-
ponectin for 24 h as described above. 10 ug of total RNA were
tested for quality on agarose gels and subjected to microarray
screening on Affymetrix HG U133 Plus 2.0 chips. Criteria for
differential regulation were set as >2-fold increase or decrease
at a probability value of <0.05.

Immunoblots—Whole cell lysates from 25,000 cells were
fractionated on 4-12% gradient SDS-PAGE gels (Invitrogen)
and transferred to polyvinylidene difluoride membranes. After
blocking with 5% defatted milk and incubating with the appro-
priate antibodies, membranes were developed using a chemilu-
minescence reagent (PerkinElmer Life Sciences).

RNA Interference—Macrophages were transfected with a
pool of IL10-specific small interfering RNA (siRNAs) duplexes
(Dharmacon) at 50 nM using Lipofectamine 2000 (Invitrogen)
following instructions provided by the manufacturer. A pool of
non-targeting siRNA duplexes was used as a control. Experi-
ments were conducted 48 h after transfection.

RESULTS

Adiponectin Suppresses LPS-induced Pro-inflammatory Cy-
tokine Expression in Human Macrophages—Engagement of
Toll-like receptor (TLR) 4 with LPS triggers the activation of
two signaling pathways: a myeloid differentiation primary
response protein 88 (MyD88)-dependent pathway, which leads
to the production of TNFa, IL6, and other pro-inflammatory
cytokines, and a MyD88-independent pathway that elicits the
expression of IFNB and IFN-inducible genes (17, 18). We have
reported recently that adiponectin suppresses the LPS-induced
MyD88-independent expression of T-cell chemokines (IP10,
monokine induced by IFNvy (Mig), and IFN-inducible T-cell «
chemoattractant (I-TAC)) in a concentration-dependent man-
ner in human macrophages (15). As expected, exposure of mac-
rophages to adiponectin for 18 h also attenuated LPS-induced
TNFa and IL6 mRNA expression with similar concentration
dependence (Fig. 1).

Adiponectin Abrogates Signaling Pathways Elicited by LPS,
TNFwo, and IL6 in Human Macrophages—In LPS-stimulated
macrophages, the MyD88-dependent expression of pro-in-
flammatory cytokines requires the phosphorylation and degra-
dation of IkB, which leads to NF«B activation, as well as the
phosphorylation and activation of MAPKs (17, 18). Pretreat-
ment of macrophages with 10 ug/ml adiponectin limited LPS-
induced I«B, JNK, and p38 phosphorylation (Fig. 2, A, B, and C,
respectively).

We also examined the action of adiponectin on signaling
pathways elicited by TNFa and IL6. TNFa, a potent cytokine
that participates in inflammation and immunity, signals
through pathways that also involve NFkB and MAPKs (19),
whereas IL6, a key regulator of the acute phase response, con-
trols gene transcription through phosphorylation and nuclear
translocation of STAT3 (20). Pretreatment of macrophages
with 10 pwg/ml adiponectin inhibited TNFa-induced IxB (Fig.
3A),JNK (Fig. 3B), and p38 (Fig. 3C) phosphorylation, as well as
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FIGURE 1. Adiponectin attenuates TNFa and IL6 expression in human
macrophages stimulated with LPS. Cells were treated with the indicated
concentrations of adiponectin (APN) for 18 h and subsequently stimulated
with 5 ng/ml LPS for 6 h. RT-qPCR measured mRNA levels for TNFa and IL6 as
described under “Experimental Procedures.” Data are expressed relative to
the values of treatment with LPS alone (100%) in means = S.E. (n = 3). mRNA
levels of 18S served as internal control for adjustment between samples.
*,p < 0.05 versus LPS.
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FIGURE 2. Adiponectin limits phosphorylation of I1kB, JNK, and p38 in
human macrophages stimulated with LPS. Cells were incubated with-
out (left lanes) or with (right lanes) 10 ng/ml adiponectin for 18 h and
subsequently stimulated with 5 ng/ml LPS for the indicated periods of
time. Whole-cell lysates were fractionated by SDS-PAGE and immuno-
blotted with antibodies to phospho-IkB (A), phospho-JNK (B), or phospho-
p38 (C). Actin, total JNK, and total p38 served as loading controls, respec-
tively. Images are representative of three independent experiments on
cells from different donors.
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FIGURE 3. Adiponectin inhibits TNFa- and IL6-induced signaling in
human macrophages. Cells were incubated without (left lanes) or with (right
lanes) 10 ug/ml adiponectin for 18 h and subsequently stimulated with 50
ng/ml TNFa (A-C) or 5 ng/ml IL6 (D) for the indicated periods of time. Whole-
cell lysates were fractionated by SDS-PAGE and immunoblotted with anti-
bodies to phospho-I«B (A), phospho-JNK (B), phospho-p38 (C), or phospho-
STAT3 (D). Actin, total JNK, total p38, and total STAT3 served as loading
controls, respectively.

IL6-induced STAT3 phosphorylation (Fig. 3D). Taken to-
gether, these results indicate that adiponectin attenuates mul-
tiple pro-inflammatory pathways in human macrophages.

The experiments described in Figs. 2, 3, 4, and 5 used primary
human macrophages, which characteristically show donor-to-
donor variability both in the basal level of phosphorylation of
signaling molecules and in the relative intensity of the
responses to pro-inflammatory stimuli, but not in phosphoryl-
ation kinetics. Pretreatment of cells with adiponectin alone
induced sustained levels of phosphorylation of IkB (Figs. 24,
3A, 4D, and 5A), INK (Figs. 3B and 5A), p38 (Figs. 4D and 54),
and STAT3 (Figs. 3D and 5B) that also showed donor-to-donor
variability, but consistently prevented further phosphorylation
beyond the levels acquired during pretreatment.

IL10 Is Not an Essential Mediator of the Anti-Inflammatory
Effects Elicited by Adiponectin in Human Macrophages—Re-
cently, Park et al. (14) utilized a neutralizing antibody to IL10 to
conclude that this cytokine mediates the desensitization of
RAW264.7 cells to LPS elicited by globular adiponectin. As
reported previously (12, 13), full-length adiponectin also
increased IL10 expression in human macrophages: cell treat-
ment with adiponectin for 24 h elicited the accumulation of
471 = 190 pg/ml (n = 3) of IL10 protein in the culture media,
assessed by an enzyme-linked immunosorbent assay (ELISA).
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FIGURE 4. 1L10 antagonism does not impair the anti-inflammatory actions of adiponectin in human macrophages stimulated with LPS. A, cells were
incubated with no addition (/anes 7 and 2), 10 wg/ml anti-IL10 antibody (lane 3), or control IgG (lane 4) for 18 h and subsequently stimulated with (lanes 2-4) or
without (lane 7) 10 ng/ml IL10 for 30 min. Whole-cell lysates were fractionated by SDS-PAGE and immunoblotted with antibodies to phospho-STAT3. Total
STAT3 served as loading control. Band C, cells were treated with or without 10 uwg/ml adiponectin for 18 h in the presence of anti-IL10 antibody or control IgG
as indicated and subsequently stimulated with 5 ng/ml LPS for 6 h. RT-qPCR measured the levels of IP10 (B) and TNFa (C) mRNAs, using 18S as internal control
foradjustment between samples. Data are expressed in means =+ S.E. (n = 3) relative to the values of samples from cells without adiponectin or LPS treatment.
*,p < 0.05.D, cells were incubated with (lanes 3- 6) or without (lanes 7 and 2) 10 wg/ml adiponectin for 18 h in the presence of anti-IL10 antibody or control IgG
asindicated and subsequently stimulated with 5 ng/ml LPS for 40 min. Whole-cell lysates were fractionated by SDS-PAGE and immunoblotted with antibodies
to phospho-I«B (top), phospho-JNK (center), or phospho-p38 (bottom). Actin, total JNK, and total p38 served as loading controls, respectively. E, cells were
transfected with IL10-specific or control siRNA as indicated. At 48 h after transfection, cells were incubated with or without 10 ug/ml adiponectin for 6 h.
RT-qPCR measured IL10 mRNA levels using 18S as internal control for adjustment between samples. Data are expressed in means =+ S.E. (n = 3) relative to the
values of samples from cells transfected with control siRNA and left unstimulated. *, p < 0.05 versus control. F and G, cells were transfected with IL10-specific
or control siRNA as indicated. At 48 h after transfection, cells were incubated with or without 10 ug/ml adiponectin for 18 h and subsequently stimulated with
5 ng/ml LPS for 6 h. RT-gPCR measured IP10 (F) and TNFa (G) mRNA levels using 18S as internal control for adjustment between samples. Data are expressed
in means = S.E. (n = 3) relative to the values of samples from cells transfected with control siRNA and left unstimulated.*, p < 0.05.

Therefore, we examined the effect of IL10 neutralization on  TNFa-induced phosphorylation of IkB, JNK, or p38 (Fig. 54) or
LPS-induced pro-inflammatory cytokine expression and sig- of IL6-induced phosphorylation of STAT3 (Fig. 5B) by pre-
naling pathways. In our experimental conditions, the anti-IL10  treatment of cells with adiponectin. Collectively, these results
antibody used completely neutralized the action of incubation indicate that the mechanisms by which adiponectin renders
with 10 ng/ml IL10, assessed by its specific inhibition of IL10- human macrophages tolerant to various pro-inflammatory
induced STAT3 phosphorylation (Fig. 44). However, it did not  stimuli do not require IL10.
prevent the inhibition of LPS-induced IP10 and TNFa mRNA Adiponectin Induces Expression of Various Anti-inflamma-
expression in cells pretreated with adiponectin (Fig. 4, Band C, tory Genes in Human Macrophages—To probe further anti-
respectively). Consistently, IL10 neutralization (Fig. 4D, lane 5)  inflammatory pathways elicited by adiponectin, we examined
did not alter the effect of adiponectin in limiting LPS-induced the effects of this adipokine on gene expression by transcrip-
phosphorylation of IkB, JNK, and p38 to the levels acquired tional profiling of macrophages treated with 10 ug/ml adi-
during pretreatment (Fig. 4D, lanes 3 and 4). ponectin for 24 h. Compared with controls, adiponectin signif-
We extended the above results by siRNA-mediated IL10 icantly augmented the expression of 174 genes, including the
silencing. Transfection of IL10-specific siRNA reduced the pro-inflammatory cytokines TNFa and IL6 as previously
expression of IL10 mRNA by 80-90% both in untreated and  described for globular adiponectin (14, 21), and attenuated the
adiponectin-treated macrophages (Fig. 4E) but did not pre- expression of 19 transcripts by a factor of >10. Importantly, a
vent the inhibition of LPS-induced IP10 or TNFa mRNA systematic search for genes with well-established anti-inflam-
expression in cells pretreated with adiponectin (Fig. 4, Fand matory properties revealed that adiponectin significantly aug-
G, respectively). mented the expression of A20, SOCS3, BCL3, TRAF1, and
We also used the IL10-neutralizing antibody to investigate TNIP 3.
the role of this cytokine in adiponectin-induced inhibition of To validate these cDNA microarray data, RT-qPCR tested
TNFa and IL6 signaling. As shown above for LPS-induced sig-  the time-dependent induction of these mRNAs in adiponectin-
naling, IL10 neutralization did not reverse the limitation of stimulated macrophages, showing that they reach maximal lev-
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FIGURE 5. IL10 neutralization does not impair the actions of adiponectin
in human macrophages stimulated with TNFa or IL6. A, cells were incu-
bated with (lanes 3-6) or without (lanes 7 and 2) 10 ug/ml adiponectinfor 18 h
in the presence of anti-IL10 antibody (/ane 5) or control IgG (lane 6) and sub-
sequently stimulated with 50 ng/ml TNFa or left unstimulated for 10 min.
Whole-cell lysates were fractionated by SDS-PAGE and immunoblotted with
antibodies to phospho-IkB (top), phospho-JNK (middle), or phospho-p38
(bottom). Actin, total JNK, and total p38 served as loading controls, respec-
tively. B, cells were incubated with (lanes 3-6) or without (lanes 7 and 2) 10
rg/ml adiponectin for 18 h in the presence of anti-IL10 antibody (lane 5) or
control IgG (lane 6) and subsequently stimulated with 5 ng/ml IL6 or left
unstimulated for 40 min. Whole-cell lysates were fractionated by SDS-PAGE
and immunoblotted with antibodies to phospho-STAT3. Total STAT3 served
as loading control.

els of expression at 3— 6 h after the addition of adiponectin (Fig.
6, A—E). Inmunoblot experiments detected the induction and
sustained expression of A20, SOCS3, BCL3, and TRAFI1 at the
protein level (Fig. 6F). Pretreatment of macrophages with poly-
myxin B (Fig. 6G, top) under conditions that block the action of
LPS did not inhibit the expression of these proteins. Consis-
tently, cell pretreatment with neutralizing antibodies to TLR4
attenuated LPS-induced but not adiponectin-induced SOCS3
expression (Fig. 6G, middle). Additionally, a 20-min preincuba-
tion at 100 °C abrogated adiponectin-induced but not LPS-in-
duced SOCS3 expression (Fig. 6G, bottom), corroborating that
these effects did not stem from endotoxin contamination. Col-
lectively, these results suggest that adiponectin exerts a multi-
factorial anti-inflammatory action in human macrophages.
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DISCUSSION

The current study extends our previous work (15) exploring
the mechanisms by which adiponectin limits pro-inflammatory
activation in human macrophages. Our results revealed that
exposure of these cells to concentrations of adiponectin com-
patible with physiological plasma levels in humans inhibited
LPS-induced cytokine production, as well as the main signaling
pathways induced by LPS and the potent pro-inflammatory
cytokines TNFa and IL6. Treatment of macrophages with adi-
ponectin alone induced sustained levels of phosphorylation of
IkB, JNK, p38, and STAT3, but prevented further activation of
these signaling molecules upon addition of pro-inflammatory
agonists (Figs. 2—4). These findings provide a mechanistic basis
for previous observations suggesting that adiponectin may
induce some degree of inflammatory activation that likely
mediates tolerance to further treatment with pro-inflammatory
stimuli (14, 21).

Our data show that adiponectin limits the activation of
NEkB, JNK, and p38 signaling pathways triggered by TNF« in
human macrophages (Fig. 3). In contrast, in human endothelial
cells adiponectin attenuates TNFa-induced NFkB activation
without interfering with JNK or p38 signaling (22, 23), high-
lighting the cell-specific nature of adiponectin action. Adi-
ponectin suppresses LPS- and TNFa-induced activation of
JNK, a critical mediator of insulin resistance in obesity and dia-
betes, conditions that correlate with hypoadiponectinemia (1,
24). In obesity, the accumulation of free fatty acids, putative
TLR4 ligands, and pro-inflammatory mediators such as TNF«
disrupts insulin signaling by triggering INK-mediated serine
phosphorylation and inactivation of insulin receptor sub-
strate-1 (1, 25).

Adiponectin induces expression of IL10 in leukocytes (12,
13). Park et al. showed that antibody neutralization of IL10
abrogates the desensitization of RAW 264.7 cells to LPS elicited
by globular adiponectin, in support of a model whereby IL10
constitutes an essential mediator of adiponectin anti-inflam-
matory actions (14). In the current study, a combined approach
that used antibody neutralization and siRNA-mediated silenc-
ing of IL10 demonstrated the dispensability of this cytokine for
the suppressive effects of full-length adiponectin in primary
human macrophages. The reasons for the discrepancy between
our work and that by Park et al. (14) remain unclear, but the
different experimental preparations used in these two studies
offers the simplest explanation: primary human macrophages
treated with full-length adiponectin expressed in HEK293 cells
(this study) versus a continuous mouse cell line treated with
globular adiponectin expressed in E. coli (14). The source of
recombinant adiponectin may have particular relevance
because the bacterially expressed protein lacks post-transla-
tional modifications characteristic of adiponectin expressed in
eukaryotes, such as lysine glycosylation and hydroxylation, and
fails to form high molecular weight multimers (26, 27). The
biological relevance of globular adiponectin remains contro-
versial because of its very low levels in circulation. On the other
hand, Fruebis et al. (6) proposed that full-length adiponectin
circulates in plasma as an inactive precursor that undergoes
limited proteolysis to generate the biologically active C-termi-
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FIGURE 6. Adiponectin induces expression of various anti-inflammatory molecules in human macrophages. Human macrophages were incubated with
10 ng/ml adiponectin for the indicated periods of time. In A-E, RT-qPCR measured the levels of the indicated mRNAs, using 18S as internal control for
adjustment between samples. Data are expressed in means = S.E. (n = 3) relative to the values of samples from vehicle-treated cells at the respective time
points. *, p < 0.05. In F, whole-cell lysates were fractionated by SDS-PAGE and immunoblotted with the indicated antibodies, using actin as loading control. In
G, cells were pretreated with 1 wg/ml polymyxin (top) or 25 ug/ml of either anti-TLR4 antibodies or control IgG (middle), followed by stimulation with 5 ng/ml
LPS or 10 wg/ml adiponectin for 3 h. In G (bottom), adiponectin or LPS were subjected to a 20-min pretreatment at 100 °C before addition to the cells and
incubation for 3 h. Whole-cell lysates were fractionated by SDS-PAGE and immunoblotted with the indicated antibodies, using actin as loading control.

nal globular fragment. Both full-length and globular adiponec-
tin exert numerous beneficial effects in various animal and cell-
based experiments (4, 5), but few studies have shown side-by-
side comparisons of the activities of both isoforms. Of note, the
overexpression of either full-length or globular adiponectin in
apolipoprotein E-deficient mice ameliorates atherosclerosis
(28, 29).

Our transcriptional profiling analysis demonstrated that adi-
ponectin induces expression of a host of genes that encode pro-
teins with well-characterized anti-inflammatory functions that
likely mediate the desensitization of macrophages to pro-in-
flammatory stimuli. A20, a cytoplasmic protein with ubiquitin-
editing functions, inhibits the NFkB and IRF3 signaling path-
ways, and thus attenuates TLR- or TNFa-induced signals
(30-33). BCL3, a nuclear I«B family member, interacts with NF«B
p50 homodimers to attenuate LPS-induced TNF« expression
in macrophages (34, 35). TRAF1, an adaptor protein, inhibits
NFkB signaling through its association with various TNF
receptor family members and cytoplasmic signaling proteins
(36, 37). SOCSS3, a tyrosine kinase inhibitor, suppresses IL6-
induced Janus kinase (JAK)-STAT3 signaling (38 —41). TNIP3,
a recently identified A20-binding protein, attenuates NFkB
activation (42). These adiponectin-induced proteins, and pos-
sibly others as yet unidentified, possess diverse biological func-
tions and likely act in a concerted manner to inhibit pro-inflam-
matory signaling at multiple levels. Indeed, siRNA-mediated
reduction of the expression of these proteins, individually or in
pairs, did not abrogate the inhibitory effect of adiponectin on

25574 JOURNAL OF BIOLOGICAL CHEMISTRY

LPS-induced pro-inflammatory cytokine expression (results
not shown).

Macrophages play a key role in the inflammatory processes
that lead to progression and complications of atherosclerosis
and many other chronic diseases. Our findings highlight the
importance of adiponectin, an anti-atherogenic protein, in con-
trolling macrophage activation in response to pro-inflamma-
tory stimuli. Complete comprehension of the vast repertoire of
vasculoprotective actions by adiponectin will require a detailed
investigation of adiponectin-induced signaling pathways.
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