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Adiponectin is an adipokine with potent anti-inflammatory
properties. Treatment of macrophages with adiponectin results
in a suppression of lipopolysaccharide (LPS)-stimulated cyto-
kine production. Here we investigated the transcriptional and
post-transcriptional mechanisms by which adiponectin sup-
presses LPS-stimulated tumor necrosis factor (TNF)-a« produc-
tion. Treatment of RAW 264.7 macrophages with LPS increased
TNF-a promoter-driven luciferase activity (TNF-a promoter/
Luc activity) by 20-fold over basal. After culture with 1 ug/ml
globular adiponectin (gAcrp) for 18 h, TNF-« promoter/Luc
activity was increased even in the absence of LPS; further chal-
lenge with LPS only increased TNF-« promoter/Luc activity by
1.4-fold. Treatment with gAcrp decreased LPS-stimulated
ERK1/2 phosphorylation and IkB degradation and suppressed
the ability of LPS to increase the DNA binding activity of Egr-1
and p65. gAcrp also suppressed LPS-mediated stabilization of
TNF-a mRNA. In controls cells, the half-life of TNF-a mRNA
was increased from ~30 min at base line to ~80 min in response
to LPS. After treatment with gAcrp for 18 h, LPS failed to
increase TNF-a mRNA stability. This gAcrp-mediated loss of
stimulus-induced stabilization of TNF-a mRNA required the
presence of the TNF-« 3'-untranslated region and was associ-
ated with an increase in expression and RNA binding activity of
tristetraprolin, an mRNA-binding protein that destabilizes
TNF-a mRNA. In summary, these data characterize the com-
plex transcriptional and post-transcriptional effects of gAcrp on
LPS-stimulated TNF-« expression in macrophages. gAcrp
treatment profoundly suppressed the ability of LPS to increase
TNF-a transcription and reduced the stimulus-induced stabili-
zation of TNF-a mRNA in response to LPS.

Adiponectin (Acrp30) is an adipokine secreted by adipose
tissue that regulates glucose and lipid metabolism in liver and
muscle (1, 2). Adiponectin also influences the activity of the
innate immune system, acting as a mediator between adipose
tissue and inflammatory responses (3). Full-length adiponectin
is a 30-kDa protein containing a collagen-like domain as well as
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a Clq-like globular head domain at the carboxyl terminus. The
collagen-like domain can be cleaved from the full-length pro-
tein to generate globular adiponectin (gAcrp)® (1). Adiponectin
acts on target tissues via the activation of adiponectin receptors
1 and 2 (AdipoR1 and AdipoR2) (4). Although both AdipoR1
and AdipoR2 are expressed in monocytes and macrophages (5),
accumulating evidence indicates that AdipoR1 is critical to the
anti-inflammatory effects of adiponectin (6). The anti-inflam-
matory activity of adiponectin has been implicated as a poten-
tial mechanism for the antiatherogenic properties of adiponec-
tin (7) as well as the potential therapeutic effects of adiponectin
in alcoholic and non-alcoholic liver injury (8).

Adiponectin targets multiple sites to dampen inflammatory
responses. Adiponectin inhibits the growth of myelomonocytic
progenitor cells (9). Furthermore adiponectin decreases the
ability of mature macrophages to respond to activation (9), sup-
pressing phagocytic activity, as well as lipopolysaccharide
(LPS)-stimulated cytokine production in macrophages (9-11).
In response to long term treatment with either the globular or
full-length forms of adiponectin, macrophages develop a
decreased sensitivity to LPS-stimulated signaling (9). The phe-
notypic characteristics of adiponectin-treated macrophages are
similar to those observed in response to repeated/prolonged
exposure to LPS/endotoxin or what is often called “endotoxin
tolerance.” Interestingly several recent reports demonstrate
that short term treatment of macrophages with adiponectin
first increases the expression of inflammatory cytokines, such
as TNF-« and interleukin (IL)-6 (12, 13). Continued exposure
to adiponectin then promotes the expression of anti-inflam-
matory mediators, such as IL-10 (12, 14), and the eventual
development of tolerance to proinflammatory signals,
including resistance to subsequent challenge with the toll-
like receptor 4 ligand, LPS, and the toll-like receptor 3
ligand, poly(I-C) (12, 13).

TNE-« expression is regulated at transcriptional, post-tran-
scriptional, and translational levels (15-17). Transcriptional
regulation of TNF-« can involve the activation of distinct sets of
transcription factors binding to at least two regions of the
TNF-a promoter, which contains NF«kB, Egr-1, cAMP-re-

3 The abbreviations used are: gAcrp, globular adiponectin; AdipoR, adiponec-
tin receptor; ARE, A + U-rich element; Egr-1, early growth response pro-
tein-1; ERK, extracellular signal-regulated kinase; IL, interleukin; LPS,
lipopolysaccharide; Luc, luciferase; TNF-«, tumor necrosis factor «; TTP,
tristetraprolin; UTR, untranslated region; MAPK, mitogen-activated protein
kinase; Ct, comparative threshold; F, forward; R, reverse; TNF-a promoter/
Luc activity, TNF-a promoter-driven luciferase activity.
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sponse element, and AP-1 binding sites (18, 19). The TNF-«
mRNA, like other short lived mRNAs, contains A + U-rich
elements (AREs) in its 3'-untranslated region (UTR) that func-
tion as post-transcriptional regulatory elements, contributing
to control of TNF-a mRNA nuclear export (20), translational
repression (21-23), and mRNA stability (24 —27). The stability
of the TNF-a mRNA is regulated by the binding of several
RNA-binding proteins, including tristetraprolin (TTP), HuR,
and AUF-1 to the 3'-UTR (17). Recent data have also suggested
an important role for microribonucleoprotein-related proteins,
including fragile X mental retardation-related protein 1 and
argonaute 2, in the post-transcriptional regulation of TNF-«
mRNA (28, 29). Micro-RNAs and microribonucleoprotein-re-
lated proteins appear to be involved in both translational
repression and activation (29, 30) as well as mRNA stability
(31).

To better understand the molecular mechanisms by which
adiponectin desensitizes macrophages to LPS-stimulated
TNE-« production, here we investigated the impact of 18-h
treatment of RAW 264.7 macrophages with gAcrp on the tran-
scriptional and post-transcriptional regulation of LPS-stimu-
lated TNF-a expression. Long term treatment with gAcrp
increased TNF-a promoter-driven luciferase activity. gAcrp
disrupted the regulation of TNF-« transcription and caused a
shift in the activity of key transcription factors from the initially
important contributions of NFkB and Egr-1 to a predominant
role of AP-1 in maintaining TNF-« promoter activity. We also
found that gAcrp suppressed LPS-mediated stabilization of
TNF-a mRNA; this effect of gAcrp was associated with a
decreased ability of LPS to stimulate phosphorylation of p38
MAPK and an increase in the interaction of TTP with the
3'-UTR of the TNF-a mRNA.

EXPERIMENTAL PROCEDURES

Materials—LPS from Escherichia coli serotype 026:B6 (tissue
culture-tested, L-2654) was purchased from Sigma; all experi-
ments were carried out with a single lot of LPS (Lot number
064K4077). Recombinant human gAcrp expressed in E. coli
was purchased from Peprotech, Inc. (Rocky Hill, NJ). gAcrp
preparations contained less than 0.2 ng of LPS/ug of protein.
Endotoxin contamination was routinely monitored in the lab-
oratory using a kinetic chromogenic test based on the Limulus
amebocyte lysate assay (Kinetic-QCL, BioWhittaker, Walkers-
ville, MD).

All cell culture reagents were from Invitrogen. Antibodies
were from the following sources: Egr-1, p50, p65, TTP, AP-1,
Hsc70, and phospho-ERK (Santa Cruz Biotechnology, Santa
Cruz, CA); IkB (Cell Signaling Technology Inc.); phospho-p38
(Promega); and total ERK1/2 (Upstate Biotechnology, Lake
Placid, NY). Anti-rabbit and anti-mouse IgG-peroxidase were
purchased from Chemicon (Indianapolis, IN). Endotoxin-free
plasmid preparation kits were from Qiagen (Valencia, CA).
Luciferase reporter constructs have been described previously.
PTNEF-a-LUC (containing —615 to +1 of the TNF-a promoter
and mutated/truncated constructs in a luciferase reporter) (19)
was from N. Mackman, University of California, San Diego, CA.
pTNF-a-5'UTR-LUC (containing —993 to +110 of the TNF-«
promoter and 5'-UTR in pGL2 vector) and pTNF-a-5"UTR-
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LUC-3'UTR (containing —993 to + 100 of the TNF-« promoter
and 5'-UTR as well as the 833-base TNF-«a 3’-UTR in pGL2
vector) luciferase reporters were from Joyce and co-workers
(32). SV40-LUC-3'UTR luciferase reporter (containing the
TNF-a 3'-UTR in pGL2 vector) and the SV40-LUC-3'UTR-
ARE deletion were from Kruys and co-workers (33). pAP1-Luc
and pNF«B-Luc cis reporter plasmids were from Stratagene (La
Jolla, CA).

Culture of RAW 264.7 Macrophages and Luciferase Assays—
The murine RAW 264.7 macrophage-like cell line was routinely
cultured in Dulbecco’s modified Eagle’s medium with 10% fetal
bovine serum and penicillin-streptomycin at 37 °C and 5% CO,,
For luciferase reporter assays, RAW 264.7 macrophages were
grown in 6-well plates to 60-70% confluency and then tran-
siently transfected with control and expression vectors using
Superfect transfection reagent (Qiagen) according to the man-
ufacturer’s instructions. Cells were co-transfected with
pTK-RL (Promega), an expression vector for Renilla luciferase
under the control of the thymidine kinase promoter. Trans-
fected cells were subcultured and seeded at 10.2 X 10*/cm? in
96-well plates. After 24 h, medium was removed, and cells were
stimulated or not with gAcrp or LPS in Dulbecco’s modified
Eagle’s medium/fetal bovine serum (times of treatment are
indicated in the figure legends). Cells were treated for a mini-
mum of 4 h with either gAcrp or LPS to ensure adequate expres-
sion and activity of luciferase. Cells were then extracted in lysis
buffer, and luciferase activities were measured using the Dual-
Luciferase assay system (Promega). Data were then expressed
as a ratio of heterologous promoter-driven luciferase activity
divided by the activity of the Renilla luciferase. Treatment with
gAcrp for up to 18 h or LPS for up to 4 h had no effect on cell
number, protein concentration, or Renilla luciferase activity
(data not shown).

Western Blot Analysis—RAW 264.7 macrophages were
treated with or without 1 ug/ml gAcrp for 18 h. Cells were
stimulated or not with 100 ng/ml LPS for varying lengths of
time as indicated in the figure legends. Phosphorylation of
ERK1/2 and p38 MAPK and the quantity of IkB were measured
by Western blot analysis as described previously (12). Immuno-
reactive TTP was also measured by Western blot and normal-
ized to Hsc70 as a loading control.

Preparation of Nuclear Extracts and Electrophoretic Mobility
Shift Assays—RAW 264.7 macrophages were treated with or
without 1 ug/ml gAcrp for 0—18 h and then stimulated or not
with 100 ng/ml LPS for 60 min. LPS stimulation of RAW 264.7
macrophages for 60 min results in a maximal activation of Egr-1
and p65 DNA binding activity under these conditions (34).
Nuclei were isolated using the Nuclei EZ Prep kit from Sigma,
and nuclear proteins were extracted (34). Nuclear extracts (5 ug
of protein) were then used to assess DNA binding activity by
electrophoretic mobility shift assay using an oligonucleotide
probe for the sequence for the Egr-1 binding site in the TNF-«
promoter (Integrated DNA Technologies, Inc., Coralville, IA)
or for the consensus sequences for the NF«B, SP-1, or AP-1
binding site (Santa Cruz Biotechnology) as described previ-
ously (34). In some experiments, extracts were incubated with
antibodies against Egr-1, p65, p50, or AP-1 or control IgG. Con-
trols were also carried out in cells pretreated with polymyxin B,
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an antibiotic that binds to and inactivates LPS, prior to stimu-
lation with gAcrp.

Real Time PCR and Northern Blot Analysis—Total RNA was
isolated from RAW 264.7 macrophages using the RNeasy
Micro kit (Qiagen) with on-column DNA digestion using the
RNase-free DNase set (Qiagen) according to the manufactur-
er’s instructions. For real time PCR, 200-300 ng of total RNA
were reverse transcribed using the RETROscript kit (Ambion,
Austin, TX) with random decamers as primers. Real time PCR
amplification was performed in an MX3000P apparatus (Strat-
agene) using the Brilliant SYBR Green QPCR Master Mix
(Stratagene). The relative amount of target mRNA was deter-
mined using the comparative threshold (Ct) method by nor-
malizing target mRNA Ct values to those for B-actin (ACt). The
primer sequences are as follows: TNF-q, F 5'-CCC TCA CAC
TCA GAT CAT CTT CT-3' and R 5'-GCT ACG ACG TGG
GCT ACA G-3’; TTP, F 5'-TCTCTGCCATCTAC-
GAGAGCC-3" and R 5'-CCAGTCAGGCGAGAGGTGA-3';
and B-actin, F5'-CTT TGCAGC TCCTTCGTT GC-3" and R
5'-ACG ATG GAG GGG AAT ACA GC-3'. All primers used
for real time PCR analysis were synthesized by Integrated DNA
Technologies, Inc. For Northern blots, 10 ug of total RNA was
electrophoresed through 1.1% agarose-formaldehyde gels, and
the quantity of TNF-a mRNA was measured using four anti-
sense oligonucleotides corresponding to different regions of
the mature TNF-a mRNA as described previously (34). Quan-
tity of 18 S RNA was measured as a loading control.

RNA Binding Assay—TTP binding to TNF-a mRNA was
measured by immunoprecipitating TTP from RAW 264.7 mac-
rophages cultured for 18 h with or without 1 ug/ml gAcrp. Cells
were stimulated or not with 100 ng/ml LPS during the last 2 h of
gAcrp exposure. Cells were removed from the cell culture dish,
washed twice with cold phosphate-buffered saline, and fixed in
0.1% formaldehyde, and lysates were prepared as described pre-
viously (35, 36). TTP was immunoprecipitated from the cell
lysates by overnight incubation with 10 ug/ml anti-TTP anti-
body followed by the addition of 50 ul of protein G-agarose
beads. The beads were then washed, and RNA was purified (35,
36). The total RNA sample was reverse transcribed, and 5% of
the total reverse transcribed product was used for PCR. The
sequences of the primer pairs within the TNF-a 3'-UTR were
as follows: F 5'-AGC CCC CAG TCT GTA TCC TT-3" and R
5'-CTC CCT TTG CAG AAC TCA GG-3'. Products of the
PCRs were then separated by agarose gel electrophoresis.

Statistical Analysis—Values reported are means = S.E. Data
were analyzed by the general linear models procedure followed
by least square means analysis of differences between groups
(SAS, Cary, NC). Statistical analysis of real time PCR data was
performed using ACt values.

RESULTS

Adiponectin has potent anti-inflammatory effects on macro-
phages. We have reported previously that exposure of primary
cultures of rat Kupffer cells to gAcrp or full-length adiponectin
for 18 h suppresses subsequent LPS-stimulated TNF-a produc-
tion (11). This anti-inflammatory effect of gAcrp can be mod-
eled by treatment of RAW 264.7 macrophages with gAcrp for
8-18h(12). Therefore, RAW 264.7 macrophages are a conven-
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FIGURE 1. Differential effects of globular adiponectin on LPS-stimulated
TNF-a mRNA accumulation and TNF-« promoter-driven luciferase activ-
ity. A, RAW 264.7 cells were cultured for 18 h in the presence or absence of 1
ng/ml gAcrp. Cells were then stimulated with 100 ng/ml LPS for 2 h, and
accumulation of TNF-a mRNA was measured by real time PCR. Values repre-
sent TNF-a mRNA normalized to B-actin mRNA (means = S.E., n = 8). Values
with different superscript letters (a-d) are significantly different from each
other (p < 0.05). B, RAW 264.7 macrophages were co-transfected with the
TNF-a promoter-luciferase reporter and a Renilla luciferase control. Twenty-
four hours after transfection, cells were then treated with or without 1 ug/ml
gAcrp for 18 h and then stimulated or not with 100 ng/ml LPS for 4 h. Values
represent relative luciferase activity (corrected for Renilla luciferase activity;
means *+ S.E., n = 10). Values with different superscript letters (a- d) are signif-
icantly different from each other (p < 0.05).

ient cell model to study the molecular mechanisms for the anti-
inflammatory effects of gAcrp. Here we investigated the tran-
scriptional and post-transcriptional mechanisms by which
gAcrp treatment desensitizes RAW 264.7 macrophages to LPS.
Stimulation of RAW 264.7 macrophages with 100 ng/ml LPS
for 2 h increased the accumulation of TNF-a mRNA by 40-fold
(Fig. 1A). When cells were cultured overnight with 1 pg/ml
gAcrp, basal (no LPS treatment) accumulation of TNF-«
mRNA was increased 4 —5-fold, but subsequent stimulation of
TNEF-a mRNA accumulation by LPS was greatly suppressed
(Fig. 14). To investigate the effects of adiponectin on the tran-
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FIGURE 2. Differential contributions of the Egr-1, NF«B, and AP-1 sites in the TNF-a promoter to gAcrp-
stimulated TNF-«a promoter-driven luciferase activity. A, RAW 264.7 macrophages were co-transfected
with the TNF-a promoter-luciferase reporter and a Renilla luciferase control. Twenty-four hours after transfec-
tion, cells were then treated with 1 ug/ml gAcrp for 0-24 h, and TNF-a promoter-luciferase activity was
measured. Values represent relative luciferase activity (corrected for Renilla luciferase activity; means = S.E.,
n = 4-5). Values with different superscript letters (a—c) are significantly different from each other (p < 0.05).
B, RAW 264.7 macrophages were transiently transfected with the full-length TNF-a promoter as well as a series
of truncated promoters in which the kB1, kB2, and Egr-1 sites were removed (—161) or a further truncation
removing the cAMP-response element (CRE) and kB3 sites (—95). RAW 264.7 macrophages were co-trans-
fected with a Renilla luciferase reporter to control for transfection efficiency. Twenty-four hours after transfec-
tion, cells were then treated with 1 ug/ml gAcrp for 24 h, and luciferase activity was measured. Values represent
relative luciferase activity (corrected for Renilla luciferase activity) expressed as -fold over basal (basal luciferase
activity for any of the constructs was not affected by the time of adiponectin treatment; means = S.E, n = 4-5).
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FIGURE 3. Time-dependent activation of Egr-1, NFkB, and AP-1 DNA binding and activity in response to
globular adiponectin. A, RAW 264.7 macrophages were treated with 1 pg/ml gAcrp for 0-18 h. Nuclear
extracts were then prepared and used to measure the binding of nuclear proteins to oligonucleotides specific
for Egr-1, NFkB, AP-1, and SP-1 DNA binding sites. Images are representative of at least three independent
experiments. B, RAW 264.7 macrophages were co-transected with either pAP1-Luc or NFkB-Luc cis reporter
plasmids. Twenty-four hours after transfection, cells were then treated with 1 ug/ml gAcrp for 0-18 h, and
luciferase mRNA were measured by quantitative real time PCR. Values are expressed relative to f-actin mRNA
(means = S.E, n = 4-5). %, p < 0.05 compared with cells not treated with gAcrp.

activity suggest that gAcrp disrupts
both transcriptional and post-tran-
scriptional regulation of LPS-stimu-
lated TNF-o expression.

We first investigated the mecha-
nisms by which gAcrp increased
TNEF-a promoter/Luc activity dur-
ing overnight exposure to gAcrp.
gAcrp stimulated TNF-« promoter/
Luc activity within 4 h after treat-
ment, and TNF-« promoter-driven
luciferase activity continued to
accumulate over time (Fig. 2A4).
Transcriptional  activation of
TNF-o in macrophages primarily
involves the recruitment of Egr-1,
NFkB, and AP-1 to the TNF-a pro-
moter (18, 19). Using truncation
mutants of the TNF-a promoter, we
found that at early times of exposure
to gAcrp multiple promoter ele-
ments contributed to gAcrp-stimu-
lated TNF-a promoter/Luc activity.
Truncations of the promoter to
—161, deleting two kB sites as well
as the Egr-1 site, decreased TNF-«
promoter/Luc activity by 70% over
the 4-h treatment with gAcrp. This
is consistent with previous data
demonstrating a key role for Egr-1
and NFkB in mediating increased
TNF-a expression after 1-4-h
exposure to gAcrp (12). However,
after 24 h, TNF-a promoter/Luc
activity was not affected by removal
of these promoter elements (Fig.
2B). The —95 truncation, contain-
ing only two AP-1 sites and an SP-1
site, supported only 30% of gAcrp-
stimulated TNF-a promoter/Luc
activity after 4-h treatment with

scriptional regulation of TNF-a, RAW 264.7 macrophages
were co-transfected with a luciferase reporter construct under
the control of the TNF-a promoter and a Renilla luciferase
reporter construct under the control of the thymidine kinase
promoter. In this experimental design, luciferase activity,
expressed relative to Renilla activity, provides an indication of
rates of TNF-« transcription. (TNF-a promoter-driven lucifer-
ase activity is abbreviated here for convenience as “TNF-« pro-
moter/Luc activity.”) In cells not treated with gAcrp, basal rates
of TNF-a promoter/Luc activity were minimal; stimulation
with LPS increased TNF-«a promoter activity by 16-fold (Fig.
1B). In contrast, after overnight treatment with gAcrp, basal
rates (no LPS treatment) of TNF-« promoter/Luc activity were
increased more than 60-fold, but subsequent stimulation of
TNE-a promoter/Luc activity with LPS was suppressed com-
pared with controls (Fig. 1B). The differential effects of gAcrp
on accumulation of TNF-a mRNA and TNF-« promoter/Luc
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gAcrp. However, after 24 h, the —95 truncation was able to
sustain full gAcrp-stimulated TNF-a promoter/Luc activity
(Fig. 2B).

To further understand these differential effects of gAcrp on
regulation of TNF-« promoter/Luc activity, we measured the
effects of gAcrp on the DNA binding activity of Egr-1, NFkB,
AP-1, and SP-1. DNA binding activities of Egr-1, AP-1, and
NF«kB increased in response to gAcrp, but there was no change
in SP-1 DNA binding (Fig. 34). Supershift assays were used to
confirm the identify of each of the transcription factors (data
not shown). Pretreatment with polymyxin B did not prevent the
effects of gAcrp on the DNA binding activities of Egr-1, NFkB,
or AP-1 (data not shown). Activation of Egr-1 was rapid and
transient, whereas AP-1 binding continued to increase over
time. NFkB DNA binding activity also increased rapidly with a
shift from predominantly the p65 subunit to predominantly the
p50 subunit over the 4-h exposure to gAcrp (Fig. 34). To fur-
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FIGURE 4. Overnight treatment with globular adiponectin disrupts Egr-1, NFkB, and AP-1 DNA binding activity. A, RAW 264.7 cells were cultured for 18 h
in the presence or absence of 1 ug/ml gAcrp. Cells were then stimulated with 100 ng/ml LPS for 1 h. Nuclear extracts were then prepared and used to measure
the binding of nuclear proteins to oligonucleotides specific for Egr-1, NFkB, and AP-1 DNA binding sites. NS, nonspecific band. B, densitometric analysis of
electrophoretic mobility shift assays. Values represent means = S.E. relative to cells stimulated with LPS (n = 3).*, p < 0.05 compared with cells not treated with
LPS. G, supershift assays were carried out by incubating nuclear extracts with specific antibodies for each transcription factor or normal immunoglobulin
control antibodies prior to the electrophoretic mobility shift assay. These controls are shown in the right-hand panels. Representative images are shown from
three to five independent experiments. D, RAW 264.7 macrophages were cultured for 18 h in the presence or absence of 1 ug/ml gAcrp. Cells were then
stimulated or not with 100 ng/ml LPS for 30 min. Lysates were prepared, and immunoreactive phosho-ERK1/2 (pERK) was assessed by Western blotting. Total

IkB protein was also measured. ERK1/2 was measured as a loading control. Images are representative of four independent experiments.

ther define the changing activity of AP-1 and NF«B, we made
use of luciferase cis reporter plasmids driven by promoters con-
taining NFkB or AP-1 consensus binding sites. gAcrp tran-
siently increased NFkB-dependent luciferase mRNA expres-
sion (Fig. 3B) with kinetics that paralleled the gAcrp-stimulated
increase in p65 DNA binding activity. In contrast, the gAcrp-
stimulated increase in AP-1-dependent luciferase mRNA accu-
mulation continued to increase over time (Fig. 3B). Taken
together, these data suggest that the regulation of TNF-« pro-
moter activity by gAcrp at early time points is due primarily to
Egr-1 and NFkB activation but that over time AP-1 becomes
the critical element stimulating TNF-« promoter activity.

In addition to the impact of gAcrp on basal TNF-a promoter
activity and mRNA accumulation, gAcrp also affected the abil-
ity of LPS to stimulate TNF-a promoter activity and mRNA
accumulation (Fig. 1). Therefore, we investigated the effects of
gAcrp on the ability of LPS to activate Egr-1, NF«kB, and AP-1
DNA binding activity. In control cells, the DNA binding activity
of these transcription factors was minimal but increased in
response to LPS treatment (Fig. 4, A and B). However, after 18-h
exposure to gAcrp, in addition to the changes in DNA binding
activity in the absence of LPS already described in Fig. 3, the
activation of these transcription factors in response to LPS was
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also affected by gAcrp. After 18-h treatment with gAcrp the
following were observed: 1) Egr-1 DNA binding activity was
undetectable in the absence of LPS and in response to LPS stim-
ulation, 2) NFkB DNA binding activity was shifted to predom-
inantly p50 in the absence of LPS; however, LPS-stimulated
increases in p65 or p50 binding were suppressed after treat-
ment with gAcrp, 3) AP-1 binding was increased in the absence
of LPS but not further increased in response to LPS (Fig. 4, A
and B). Supershift assays for each transcription factor are
shown in Fig. 4C. Pretreatment of RAW 264.7 macrophages
with polymyxin B, which binds to and inactivates LPS, prior to
gAcrp stimulation did not affect DNA binding activity during
overnight exposure to gAcrp (data not shown), indicating that
the effects of gAcrp were not due to any contamination of the
preparation with LPS.

We also investigated the impact of gAcrp on LPS-stimulated
activation of cytosolic signaling pathways that contribute to
activation of transcription factors that regulate TNF-« tran-
scription. In control RAW 264.7 macrophages, LPS stimulated
phosphorylation of ERK1/2, which is upstream of Egr-1 activity
(37, 38), and decreased the quantity of IkB in the cytosol, a
signaling event upstream of NF«B activation (39) (Fig. 4D). In
contrast, overnight treatment with gAcrp greatly reduced the
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FIGURE 5. Overnight treatment with gAcrp suppresses the ability of LPS to stabilize TNF-a mRNA via the
class Il AU-rich element in the TNF-« 3’-UTR. A and B, RAW 264.7 macrophages were treated with (B) or
without (A) 1 wg/ml gAcrp for 18 h and then stimulated or not with 100 ng/ml LPS for 2 h prior to the addition
of 5 wg/ml actinomycin D for up to 60 min. Accumulation of TNF-a mRNA was measured by real time PCR.
Values represent TNF-a mRNA normalized to B-actin mRNA (means = S.E., n = 3-4 independent experiments).
C, RAW 264.7 macrophages were transiently transfected with luciferase reporters containing the full-length
TNF-a promoter-5’-UTR with or without the TNF-a 3'-UTR inserted after the luciferase coding sequence. RAW
264.7 macrophages were co-transfected with a Renilla luciferase reporter. Twenty-four hours after transfection,
cells were then treated with 1 wg/ml gAcrp for 18 h and then stimulated or not with 100 ng/ml LPS for 4 h, and
luciferase activity was measured. Values represent relative luciferase activity (corrected for Renilla luciferase
activity; means = S.E., n = 5-6).*, p < 0.05 compared with constructs without (w/0) the 3’-UTR.
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FIGURE 6. Destabilization of TNF-a mRNA by gAcrp is associated with a
loss in LPS-stimulated phosphorylation of p38 MAPK. A, RAW 264.7 mac-
rophages were cultured for 18 h in the presence or absence of 1 ug/ml gAcrp.
Cells were then stimulated or not with 100 ng/ml LPS for 30 min. Lysates were
prepared, and immunoreactive phosho-p38 was assessed by Western blot-
ting. Hsc70 was measured as a loading control. Images are representative of
fourindependent experiments. B, RAW 264.7 macrophages were treated with
orwithout 1 ug/mlgAcrp for 8 h and then preincubated with 10 um SB203580
for 30 min. Cells were then stimulated with 100 ng/ml LPS for 2 h followed by
the addition of 5 wg/ml actinomycin D (Act D) for up to 90 min. Accumulation
of TNF-a mRNA was measured by Northern blot and normalized to 18 S RNA.
Values represent means =+ S.E. (n = 4).
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ability of LPS to increase phosphorylation of ERK1/2 and also
prevented LPS-stimulated loss of IkB protein (Fig. 4D), consist-
ent with the reduced ability of LPS to stimulate the DNA bind-
ing activity of Egr-1 and NF«B after exposure to gAcrp.
Because TNF-a mRNA accumulation was low in RAW 264.7
macrophages after overnight gAcrp despite high TNF-« pro-
moter activity (see Fig. 1), we next tested the hypothesis that
gAcrp also affected TNF-a mRNA stability. RAW 264.7 mac-
rophages were cultured with or without gAcrp for 18 h and then
stimulated or not with 100 ng/ml LPS for 2 h. Cells were then
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INFa promoter’SUTRLUC  treated with actinomycin D for a
g 5007 C—basal further 0—60 min. The half-life of
£ 400 e TNF-a mRNA was assessed by real
5 7 time PCR (Fig. 5, A and B). The half-
" 2 life of TNF-a mRNA at base line (no
% 2003 Z LPS or gAcrp treatments) was 29
1001 2 min (Fig. 54). Overnight treatment
3 o 7 with gAcrp had no effect on TNF-«
gAcr + +

mRNA stability with a 38-min 2y
(Fig. 5B). In cells not treated with
gAcrp, LPS treatment stabilized
TNEF-a mRNA, increasing the half-
life to 81 min (Fig. 5A4). In contrast,
after 18-h exposure to gAcrp, stim-
ulation with LPS only increased the
half-life of the TNF-a mRNA to 50
min (Fig. 5B).

Sequences in the 5'-UTR and
3'-UTR of the TNF-a mRNA are
important in the regulation of TNF-a mRNA stability. There-
fore, we identified the cis-acting elements in the TNF-a mRNA
required for gAcrp-induced destabilization of TNF-a mRNA.
RAW 264.7 macrophages were transfected with constructs
containing the TNF-a promoter and 5'-UTR with or without
the TNF-a 3'-UTR after the luciferase coding sequence and
then treated with gAcrp for 18 h. Treatment with gAcrp
increased luciferase expression when the TNF-« 5'-UTR was
included along with the promoter (Fig. 5C), similar to the
response with only the TNF-« promoter present in the lucifer-
ase reporter (Fig. 1B). Inclusion of the TNF-a 3’-UTR in this
reporter construct decreased both LPS- and gAcrp-stimulated
luciferase expression, consistent with a role for the 3'-UTR in
destabilization of TNF-a mRNA.

p38 MAPK activity has been shown to contribute to stabiliza-
tion of TNF-a mRNA (40-42). Therefore, we investigated the
effects of gAcrp on basal and LPS-stimulated p38 MAPK activa-
tion. Although LPS rapidly increased phospho-p38 in control cells,
this activation was suppressed after long term treatment with
gAcrp (Fig. 6A). If this loss of p38 activation contributed to the
decrease in the ability of LPS to stabilize TNF-a mRNA after
gAcrp, then pretreatment of cells with SB205380, a p38 MAPK
inhibitor, should destabilize LPS-stimulated TNF-o mRNA in
control cells but not in cells treated with gAcrp. We found that
inhibition of p38 MAPK destabilized LPS-stimulated TNF-«
mRNA in control cells but had no effect on TNF-ae mRNA stability
in cells treated with gAcrp (Fig. 6B).

Stimulus-induced stabilization/destabilization of TNF-«
mRNA is mediated by a number of mRNA-binding proteins,
including the nuclear-cytoplasmic shuttling protein HuR,
which acts to stabilize TNF-a mRNA, and TTP, which acts
to destabilize TNF-a mRNA in a phosphorylation-depend-
ent manner. TTP is expressed in resting macrophages (43)
and can also be rapidly induced in response to LPS in mac-
rophages via a p38 MAPK-dependent pathway (44). This
induction results in the presence of multiple forms of differ-
entially phosphorylated TTP thought to contribute to the
regulation of TNF-a mRNA stability (44). Although TTP
acts to destabilize TNF-a mRNA, p38 MAPK-mediated

wio TNFa 3'UTR  wiTNFo 3'UTR
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FIGURE 7. gAcrp increased the expression of TTP as well as its association
with TNF-a 3’-UTR. A, RAW 264.7 macrophages were cultured with 1 ug/ml
gAcrp for up to 24 h, and TTP mRNA was quantified by real time PCR. Values
represent TTP mRNA normalized to -actin mRNA (means * S.E, n =4).*,p <
0.05 compared with basal. B, RAW 264.7 macrophages were cultured with 1
ng/ml gAcrp for up to 18 h and then stimulated or not with 100 ng/ml LPS
for 2 h. Cells were lysed, and immunoreactive TTP was measured by West-
ern blot. Hsc70 was measured as a loading control. Values represent TTP
normalized to Hsc70 (means = S.E., n = 4). Values with different super-
script letters (a-c) are significantly different from each other and com-
pared with basal (p < 0.05). C, the association of TTP with TNF-a mRNA was
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phosphorylation of TTP inactivates TTP activity in some cell
types (45). Here we found that gAcrp increased the expres-
sion of TTP mRNA (Fig. 7A) and protein (Fig. 7B). In control
cells, LPS increased TTP expression after 2 h (Fig. 7B); this
LPS-induced increase was maintained even after overnight
exposure to gAcrp (Fig. 7B).

Making use of an RNA immunoprecipitation assay to meas-
ure TTP-associated mRNA, we found that gAcrp increased the
association of TNF-a mRNA to TTP (Fig. 7C). RAW 264.7
macrophages were cultured for 18 h with or without gAcrp and
then stimulated with LPS for 2 h. Lysates were then incubated
with antibodies to TTP or control IgG. TNF-a 3'-UTR was then
amplified by PCR in the immunoprecipitates. In control cells
stimulated with LPS, small but detectable levels of TNF-«
3’-UTR were associated with TTP. The quantity of the TNF-«
3'-UTR pulled down with antibody to TTP was greatly
increased in cells treated with LPS after overnight treatment
with gAcrp (Fig. 7C). These data suggest that the failure of LPS
to stabilize TNF-a mRNA after treatment with gAcrp is due to
an increased association with TTP.

DISCUSSION

Long term exposure to adiponectin desensitizes macro-
phages to subsequent stimulation of LPS-induced TNF-« pro-
duction (10, 11). Here we identified adiponectin-mediated
changes in the transcriptional and post-transcriptional regula-
tion of TNF-a in RAW 264.7 macrophages. Treatment of RAW
264.7 macrophages with gAcrp profoundly decreased the
responsivity to subsequent challenge with LPS. In particular,
gAcrp decreased LPS-stimulated activation of key transcription
factors controlling TNF-a transcription, including NFkB,
Egr-1,and AP-1. Furthermore gAcrp also suppressed the ability
of LPS to stabilize TNF-a mRNA. This loss of LPS-induced
stabilization of TNF-a mRNA required the presence of the
3'-UTR of the TNF-a mRNA. Moreover loss of stimulus-in-
duced stabilization of TNF-a mRNA was associated with an
increase in the expression of TTP, an mRNA-binding protein
that destabilizes TNF-a« mRNA, as well as an increase in the
association of the TNF-a mRNA with TTP.

Regulation of TNF-a production by macrophages is under
complex regulatory controls; transcriptional regulation is both
cell type- and stimulus-specific. For example, stimulation of
TNE-a production by LPS in macrophages is primarily depend-
ent on transcriptional activation via the kB3 site as well as con-
tributions from binding of Egr-1 and c-Jun (18, 19). In contrast,
activation of TNF-a production via the TNF-« receptor I
involves phosphorylated ATF-2 binding to the cAMP-response
element site in the TNF-a promoter (46). Further modulation
of TNF-a mRNA stability is an additional important mecha-
nism in the regulation of TNF-a biosynthesis in response to
stimulation of macrophages by LPS as well as virus (25-27).

assessed in an RNA immunoprecipitation assay. RAW 264.7 macrophages
were cultured with or without gAcrp for 18 h and then stimulated with 100
ng/ml LPS for 2 h. Lysates were then incubated with antibody to TTP or con-
trol 1gG. TNF-a 3'-UTR associated with the TTP was then measured as
described under “Experimental Procedures.” Input and supernatants (Sup)
used 20% of the volume before or after immunoprecipitation (/P), respec-
tively. Similar results were observed in three separate experiments. MW,
molecular mass markers.
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Adiponectin rapidly increases TNF-a promoter activity via a
mechanism that involves both the activation of NFxB and Egr-1
(12). In contrast, after longer periods of exposure to adiponec-
tin, here we report that the Egr-1 site no longer contributed to
TNE-a expression and that the contribution from NFkB was
greatly reduced. Deletion of either the Egr-1 or kB3 site in the
TNE-a promoter had little effect on gAcrp-stimulated pro-
moter activity after 24 h. Furthermore Egr-1 DNA binding
activity returned to base line by 18 h, and the binding of nuclear
proteins to an oligonucleotide containing the NF«B site shifted
from p65-p50 heterodimers at early times of treatment with
gAcrp to predominantly p50 homodimers. p50 homodimers act
as transcriptional repressors in many systems (47). Moreover
binding of p50 to the kB3 site is associated with the develop-
ment of an LPS-tolerant phenotype (48), so it was unlikely that
NFkB was critical to maintaining TNF-a promoter activity.
Instead TNF-« promoter activity after 18-h exposure to gAcrp
was primarily driven by the activity of AP-1 as evidenced by
increased AP-1 DNA binding activity and AP-1 promoter-
driven luciferase expression. Collectively these data indicate
that adiponectin has a complex, time-dependent impact on the
regulation of TNF-a expression in macrophages.

Despite the high TNF-a promoter activity, TNF-a mRNA
accumulation was reduced after 16-18-h treatment with
gAcrp. Modulation of TNF-a mRNA stability is an important
component in the regulation of TNF-a biosynthesis in response
to a number of activators (22). Stabilization of mRNAs contrib-
utes to the strong and rapid induction of genes in the inflam-
matory process. Here we show that gAcrp destabilized TNF-«
mRNA in RAW 264.7 macrophages, suggesting that destabili-
zation of inflammatory cytokine mRNAs is one of the anti-
inflammatory mechanisms of adiponectin. The TNF-a mRNA,
like other short lived mRNAs, contains AREs in its 3'-UTR that
function as destabilizing elements as demonstrated in trans-
genic mice in which the TNF-a ARE is deleted (26) as well as in
various cell culture systems (25, 27). In addition to the destabi-
lizing activity of the TNF-« 3'-UTR, the AREs in the 3'-UTR
allow for stabilization of the TNF-a mRNA in response to acti-
vation (24, 49). Loss of LPS-mediated stabilization of TNF-«
mRNA by gAcrp involved the 3'-UTR of the TNF-a mRNA
(Fig. 5).

Stability of the TNF-a mRNA is controlled by trans-acting
factors that bind to the TNF-a mRNA. A large number of
mRNA-binding proteins regulate both stabilization and desta-
bilization (22). Of these, several proteins that bind to the TNF-«
mRNA, specifically to its 3'-UTR, have been identified. One
such mRNA-binding protein is TTP, a zinc finger protein
induced by LPS in macrophages that acts to destabilize TNF-«a
mRNA (50, 51). TTP-deficient macrophages express elevated
TNF-a mRNA because of an increase in the TNF-a mRNA
half-life (51). Here we found that the loss of LPS-mediated sta-
bilization of TNF-o« mRNA after exposure to gAcrp was asso-
ciated with an increase in the expression of TTP mRNA. TTP
protein levels were also increased after 18 h of gAcrp treatment
and then further increased after challenge with LPS (Fig. 7).
Importantly gAcrp enhanced the association of TNF-a mRNA
with TTP (Fig. 7C). TTP expression is under complex regula-
tory controls. Interestingly p38 MAPK stimulates both the
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expression of TTP mRNA and prevents TTP protein degrada-
tion (52). Recent data indicate that additional mechanisms also
contribute to induction of TTP. For example, interferons
increase TTP expression in macrophages (53). Because gAcrp
treatment of RAW 264.7 macrophages suppressed LPS-stimu-
lated p38 MAPK phosphorylation, it is likely that p38-inde-
pendent mechanisms contribute to increased TTP expression
after gAcrp treatment. Further studies are required to delineate
the regulation of TTP expression in response to gAcrp in
macrophages.

The mRNA destabilizing activity of TTP is regulated via p38
MAPK- and MAPK-activated protein kinase 2 (MK2)-depend-
ent phosphorylation (40, 54). Serine phosphorylation of TTP
reduces its affinity for the ARE in the TNF-«a 3'-UTR, thus
decreasing the destabilizing effects of TTP (40). Importantly
treatment of RAW 264.7 macrophages with gAcrp also
decreased LPS-stimulated p38 phosphorylation (Fig. 6).
Although pretreatment of RAW 264.7 macrophages with
SB203580 destabilized LPS-stimulated TNF-a mRNA in con-
trol cells, inhibition of p38 MAPK had no effect on TNF-«
mRNA stability after exposure of cells to gAcrp for 8 h (Fig. 6).
Taken together, these data suggest that not only did gAcrp
increase the total quantity of TTP, but it also shifted the balance
of TTP to its non-phosphorylated state as a result of decreased
LPS-stimulated p38 MAPK activation, resulting in a loss of
LPS-stimulated stabilization of TNF-a mRNA in the gAcrp-
treated cells.

Although the mechanisms by which gAcrp acts to sup-
press LPS-mediated stabilization of TNF-a mRNA in mac-
rophages is not yet understood, data in the literature are
consistent with the hypothesis that IL-10 may be important
in mediating the effects of gAcrp on stimulus-induced
TNF-a mRNA stability. gAcrp rapidly increases the expres-
sion of IL-10 (12, 55). IL-10 is a potent anti-inflammatory
cytokine, which mediates its effects via inhibition of cytokine
transcription as well as the destabilization of specific cyto-
kine and chemokine mRNA (56). IL-10 destabilizes the
mRNA for TNF-« (42) as well as the CXC ligand 1 (57).
Although the mechanisms by which IL-10 acts to destabi-
lizes cytokine/chemokine mRNA are not completely under-
stood, IL-10 has been reported to inhibit p38 MAPK activa-
tion and decreases the expression of HuR (21, 42).

Regulation of TNF-« expression, both at the level of TNF-«
transcription and mRNA stability, has been implicated in the
pathophysiology of a number of chronic inflammatory diseases,
such as chronic ethanol-induced liver injury (58, 59), athero-
sclerosis (42), and chronic intestinal inflammation (21). In par-
allel, adiponectin-based therapies can decrease atherosclerosis
in apolipoprotein-deficient mice (7) and ethanol-induced liver
injury in mice (60). These protective effects of adiponectin are
associated with normalization of TNF-« expression (58). Taken
together, these data are consistent with the hypothesis that adi-
ponectin “tone” during chronic inflammation is an important
modulator of TNF-a production by macrophages because of
changes in both transcriptional and post-transcriptional regu-
latory mechanisms.
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