
Abstract. It was recently suggested that the transcription
nuclear factor-κB (NF-κB) plays an important role in
controlling the inflammation and metabolic alterations
associated with obesity. In endothelial and monocytic cells,
adiponectin acts as a modulator of the inflammatory response,
suppressing NF-κB activation. The aim of this study was to
assess the ability of different forms of adiponectin to modulate
the inflammatory response in adipocytes. 3T3-L1 preadipocytes
were cultured according to standard conditions. Fully
differentiated adipocytes were stimulated with 1 μg/ml
lipopolysaccharides (LPS) for 16 h, with or without pre-
treatment with 10 μg/ml of globular (AdG) or full-length
(AdFl) adiponectin. Both AdG and AdFl significantly
suppressed LPS-induced expression of IL-6 mRNA in adipo-
cytes and reduced the concentration of IL-6 in culture media.
Adiponectin pre-treatment significantly reduced the increase
in MCP-1 mRNA in adipocytes exposed to LPS. In culture
media, the increase in MCP-1 detected after LPS stimulation
was significantly attenuated after pre-treatment with AdG. In
3T3-L1, AdG and AdFl reduced NF-κB activity by 50 and
40%, respectively compared to the NF-κB activation induced
by LPS alone. Moreover, both forms of adiponectin
significantly attenuated IκB-· as well as IKK gene expression.
Pre-treatment of adipocytes with AdG or AdFl significantly
increased PPARÁ mRNA levels, taking its expression back to
the basal level. Both AdG and AdFl exert anti-inflammatory
activity suppressing IL-6 and MCP-1 production from inflamed
adipocytes. This anti-inflammatory action may be mediated
through inhibition of NF-κB activity as well as through
increased PPARÁ expression.

Introduction

Obesity has been shown to be associated with a low grade
state of inflammation, resulting from increased adipocyte
activity as well as from increased macrophage infiltration of
adipose tissue (1,2). It has been suggested that adipocyte
nuclear factor-κB (NF-κB) plays an important role in
controlling inflammation as well as the metabolic alterations
associated with obesity (3,4). NF-κB activation and DNA
binding is dependent on the removal of its physiological
inhibitor κ B-· (IκB-·) after phosphorylation by the IκB kinase
complex (IKK) (5). In rats, the heterozygous deletion of IKKß,
protected against the development of insulin resistance during
fatty acid infusion (6). IKK mRNA expression was significantly
higher in adipose tissue biopsies from insulin-resistant obese
subjects than from controls (7). 

Adiponectin is an abundant adipokine, mainly secreted
from adipocytes with anti-atherogenic, anti-inflammatory
and anti-diabetic properties (8). Its circulating levels are
decreased in obesity as well as in insulin resistant states (8).
Monomeric adiponectin appears to be present mainly at the
adipocyte level. After association between globular domains,
adiponectin is secreted into the blood stream as trimeric,
hexameric and the high-molecular-weight (HMW) form (9).
It has been shown that adiponectin acts as an endogenous
modulator of the endothelial inflammatory response by
suppressing TNF-· induced NF-κB activation in human
aortic endothelial cells (10) as well as reducing the activation
of IKKß after TNF-· stimulation of human umbilical vein
endothelial cells (11). Similarly adiponectin attenuated lipo-
polysaccharides (LPS)-induced increases in the release of
pro-inflammatory cytokines in human (12) and porcine
blood-derived macrophages (13). 

It was also recently suggested that adiponectin acts as a
local inflammatory regulator in adipose tissue. Both adiponectin
receptor types, AdipoR1 and AdipoR2, which bind the globular
and HMW forms respectively, are present in adipocytes (14).
Ajuwon et al (15), showed that pre-treatment with adipo-
nectin suppressed LPS-induced NF-κB activation and cytokine
production in pig adipocytes. Recently we observed in
subcutaneous adipose tissue biopsies of obese postmenopausal
women an independent relationship between adiponectin
gene expression and IκB-· mRNA (16). 
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Despite increasing evidence that points to an anti-
inflammatory action for adiponectin, a few in vitro studies,
conducted in endothelial (17) and monocytic cell lines (18,19),
produced contradictory results, and suggested that
adiponectin actually has pro-inflammatory actions depending
on the type of adiponectin used and the conditions of
stimulation.

The aim of this study was to evaluate the ability of
adiponectin to modulate the inflammatory response in 3T3-L1
adipocytes as well as to test any differences in the activity of
the different forms of adiponectin.

Materials and methods

3T3-L1 adipocyte culture. 3T3-L1 pre-adipocytes (ECACC-
Sigma-Aldrich) were grown in 5% CO2 in D-MEM containing
10% fetal bovine serum (FBS, Bio-Whittaker Europe, Cambrex,
USA), 2 mM L-glutamine and 1% penicillin-streptomycin
(Sigma-Aldrich). Two days post-confluence (day 0), cells were
differentiated in D-MEM with 20 μg/ml insulin, 0.5 mm
IBMX and 1 μM dexamethasone. After three days, fresh
medium containing only insulin was added every 2 days for a
further 4 days. After day 7, cells were fully differentiated and
maintained overnight in D-MEM without FBS prior to
stimulation. Cells were stimulated with 1 μg/ml LPS (Sigma-
Aldrich) for 16 h, with or without pre-treatment with 10 μg/ml
mouse recombinant globular (AdG) or full-length adiponectin
(AdFl) (Alexis, Axxora, San Diego, CA) for 5 h.

Real-time PCR. Cells were washed with PBS and homogenised
with QIAshredder columns (Qiagen GmbH, Hilden, Germany)
prior to RNA extraction. Total RNA was recovered using the
RNeasy Mini kit (Qiagen) and DNase treated (RNase Free
DNase set, Qiagen). RNA quality and quantity were determined
with Agilent 2100 bioanalyzer. For quantitative real-time PCR,
35 ng of total RNA for each gene was reversed transcribed
into cDNA in 20 μl reactions with Iscript cDNA Synthesis
(Bio-Rad, Hercules, CA, USA). Aliquots of the reverse tran-
scriptase reaction, or water only (negative control), were PCR-
amplified with QuantiTect SYBR Green PCR Kit (Qiagen) and
0.3 μM of pre-designed QuanTitect Primer Assays for each
gene (Qiagen, GmbH). The Entrez gene IDs were 16193 for
IL-6, 21926 for TNF-·, 20296 for MCP-1, 18035 for IκB-·,
16150 for IKK, 19016 for PPARÁ and 11461 for ß-actin
reference gene. Thermal cycling conditions for PCR reactions
were 95˚C for 15 min followed by 40 cycles of 94˚C for 15 sec,
55˚C for 30 sec and 72˚C for 30 sec. The abundance of each
gene product was calculated by regression against a standard
curve generated by 2-fold serial dilutions of positive PCR
controls for each gene. Each gene expression was normalized
against ß-actin. mRNA quantification was performed in
triplicate for each well and tested in 3 wells for each
experimental condition. Gene expression analysis was
conducted by GeneX Software (Bio-Rad).

Protein analyses. The concentration of IL-6, TNF-· and MCP-1
in conditioned media was measured using mouse-specific
ELISA kits from R&D System (Minneapolis, USA), and from
Pierce Endogen (Rockford, IL). The standard curve of each
cytokine was 2000-51, 1500-23.4, 1000-16 pg/ml, respectively.

Each experimental condition was tested in 3 different wells and
measured in duplicate. 

NF-κB activity assay. Nuclear extracts were prepared using
the Nuclear Extracts Kit (Active Motif Europe, Rixensart,
Belgium), following the manufacturer's instructions. The
nuclear pellet was resuspended in 50 μl of Complete Lysis
Buffer and the protein concentration was determined using the
Bicinchoninic Acid Reagent Kit (Sigma Chemical Co., USA).

The immunoreactive signal produced by the binding of
p65 to the NF-κB consensus DNA sequence (5'-GGGACTT
TCC-3') was quantified in the nuclear extracts (2 μg of total
protein) with a Trans-AM NF-κB p65 Chemi Transcription
Factor Assay Kit, including p65 positive control.

Statistical analysis. Data are presented as means ±SD for each
experimental condition. Differences between groups were
evaluated by multivariate ANOVA and Bonferroni post-hoc
analysis. A P-value <0.05 was used to determine statistical
significance. All statistical analyses were performed using
the SPSS statistical package (20).

Results

The effects of AdG and AdFl on the induction of pro-
inflammatory cytokines in 3T3-L1 adipocytes. Pre-treatment
with both AdG and AdFl significantly suppressed LPS-
induced expression of IL-6 mRNA in mature 3T3-L1 adipo-
cytes (Fig. 1A). Accordingly, we detected a significant increase
in IL-6 levels in the culture media of 3T3-L1 adipocytes
stimulated with LPS compared to the basal state (Fig. 1B).
Pre-treatment of adipocytes with both adiponectin forms
significantly reduced the secretion of IL-6 levels into the culture
media with a more pronounced effect for AdG (Fig. 1B). 

We then assessed the potential regulatory effect of adipo-
nectin on TNF-· expression in 3T3-L1 adipocytes. However,
in our experimental model TNF-· mRNA was not detected in
LPS-treated adipocytes, even after prolonged stimulation (48 h)
at different concentrations (0.1, 1 and 10 μg/ml). 

A central role for macrophage infiltration has been
hypothesized in adipose tissue inflammation and in obesity-
related metabolic complications. Thus, we conducted
experiments to determine whether adiponectin suppresses
MCP-1 expression in LPS-treated adipocytes. LPS induced a
significant increase in MCP-1 mRNA expression from 3T3-L1
(Fig. 1A). Both AdG and AdFl significantly suppressed
MCP-1 mRNA in LPS treated adipocytes (Fig. 1A). The
significant increase in MCP-1 levels into the culture medium
after LPS stimulation, was significantly attenuated only after
pre-treatment with AdG (Fig. 1B).

Anti-inflammatory action of adiponectin on 3T3-L1 adipocytes.
Adiponectin has been shown to disrupt the activation of
NF-κB in different cell models. We therefore studied its
activation by quantifying the immunoreactive binding of p65
to the NF-κB DNA sequence in nuclear extracts in 3T3-L1
adipocytes. In 3T3-L1 adipocytes both AdG and AdFl
reduced NF-κB activity by 50 and 40%. respectively, when
compared to NF-κB activation induced by LPS stimulation
alone (Fig. 2). Moreover, after acute stimulation of adipocytes
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with LPS, we observed a significant increase in IκB-· and
IKK gene expression, significantly attenuated by pre-
treatment with both AdG and AdFl (Fig. 3A and B).

Because PPARÁ exerts anti-inflammatory actions and
antagonizes the transcriptional activity of NF-κB, we tested to
see if adiponectin also indirectly down-regulates NF-κB, by
increasing the expression of PPARÁ. Treating 3T3-L1
adipocytes with LPS significantly down-regulated PPARÁ
mRNA expression compared to basal levels (Fig. 4). Pre-
treatment of adipocytes with either AdG and AdFl significantly
increased PPARÁ mRNA taking its expression back to the
basal state (Fig. 4).

Discussion

Our study supports that adiponectin has a role as a local
inflammatory regulator in adipose tissue. Both AdG and
AdFl exert anti-inflammatory activity by suppressing the
production of IL-6 and MCP-1 from LPS stimulated 3T3-L1
adipocytes. This study also suggests that this anti-inflammatory
action is mediated through direct inhibition of NF-κB activity. 

Recent evidence indicates that chronic inflammation
resulting from increased adipocyte activity and macrophage
infiltration of adipose tissue, plays a crucial role in the
development of insulin resistance and obesity related metabolic
consequences (1,2). Our data show that both the mRNA and
protein levels of IL-6 and MCP-1 are consistently reduced
when LPS stimulated 3T3-L1 adipocytes are pre-treated with
adiponectin, expanding and complementing previous
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Figure 1. Effects of pre-treatment with globular and full-length adiponectin of LPS stimulated 3T3-L1 adipocytes on pro-inflammatory cytokines. (A) Relative
expression of genes encoding IL-6 (top) and MCP-1 (bottom), measured by real-time PCR. (B) IL-6 (top) and MCP-1 (bottom) secretion in culture media, evaluated
by ELISA. Data are presented as means ±SD.

Figure 2. Effects of pre-treatment with globular and full-length adiponectin of
LPS stimulated 3T3-L1 adipocytes on NFκB activity. NF-κB activity, evaluated
by chemiluminescence in adiponectin pre-treated cells, was expressed as a
percentage of the NF-κB activity detected in 3T3-L1 cells treated only with
LPS. Data are presented as means ±SD.
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observations of Ajuwon and Spurlock (15) who first suggested
that adiponectin has an anti-inflammatory role in adipose
tissue. 

MCP-1 is produced by a variety of cells including adipo-
cytes in response to inflammatory stimuli (1). As expected,
we found a significant increase in MCP-1 expression both at
the mRNA and protein levels in LPS-treated adipocytes.
Interestingly however, we observed a significant reduction in
MCP-1 mRNA levels and protein, when LPS-stimulated
adipocytes were pre-treated with adiponectin.

It has been shown that ligands of PPARÁ, the TZDs
attenuate macrophage pro-inflammatory activation in vitro,
by antagonizing NF-κB activation (21). Adiponectin has
been recognized as an important mediator of PPARÁ agonist
treatment in insulin resistant subjects (22). These observations,
together with our findings, suggest that TZDs suppress
inflammatory events at least in part by increasing the

production of adiponectin which consequently reduces the
secretion of MCP-1 from adipocytes, and macrophage
infiltration and inflammation of adipose tissue.

Adiponectin has been shown to directly modulate the
NF-κB pathway in different in vitro systems, including
endothelial (10,11,17) and monocytic (12,13,18,19) cell
lines, C2C12 myocitic cells (23) and human placenta cells
(24). Our data point to the NF-κB system as a signalling
pathway used by adiponectin to suppress cytokine production
also at the adipocyte level. Moreover, we found that pre-
treatment with adiponectin counteracted the LPS-induced
down-regulation of PPARÁ. It has been demonstrated that
PPARÁ blocks the transcriptional activity of NF-κB through a
physical interaction (25). Thus, our findings seem to suggest
that adiponectin down-regulates the NF-κB pathway at least in
part by indirectly increasing PPARÁ expression. 

It has been suggested that the diverse biological functions
of adiponectin are attributed to its different isoforms which
interact with different targets and activate distinct signalling
pathways (9). In our experiments we did not observe any
significant difference in the anti-inflammatory activity of the
two adiponectin forms, in contrast with some recent reports
which suggested a pro-inflammatory action for adiponectin
in endothelial (17), monocytic cell lines (18,19) and human
placenta and subcutaneous adipose tissue explants (24). 

However, our results and those of others should be
considered with caution. In fact it is difficult to unequivocally
interpret results obtained from very different cell systems,
with very dissimilar concentrations and length of adiponectin
pre-treatment used. Moreover Western blot analysis of IκB-·
and IKK protein levels as well as determination of IKKß
phosphorylation would have further confirmed our results.
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Figure 3. Effects of pre-treatment with globular and full-length adiponectin of
LPS stimulated 3T3-L1 adipocytes on IκB-· and IKK mRNA. Relative
expression of genes encoding IκB-· (A), and IKK (B), measured by real-time
PCR. Data are presented as means ±SD.

Figure 4. Effects of pre-treatment with globular and full-length adiponectin of
LPS stimulated 3T3-L1 adipocytes on PPAR-Á mRNA expression. Relative
PPAR-Á determined by real-time PCR. Data are presented as means ±SD.
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In conclusion, our experimental data indicate that
adiponectin acts as a local modulator of inflammation also in
adipose tissue, where it regulates the secretion of pro-
inflammatory cytokines and chemokines as well as macrophage
infiltration of adipose tissue itself. This anti-inflammatory
action appears to be mediated through inhibition of NF-κB
activity as well as through increased PPARÁ expression.
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