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Obesity is considered a chronic low-grade inflammatory state. nuclear factor kB signaling, increased gene expression and
The white adipose tissue produces a variety of inflammation- release of proinflammatory cytokines and chemokines, and
related proteins whose expression is increased in obese sub- induced preadipocyte proliferation. This phenomenon was
jects. The nonadipose cell fraction, which includes infiltrated associated with increased cyclin D1 gene expression and
macrophages, is a determinant source of inflammation- maintenance of the fibronectin-rich matrix. Anti-TNF« neu-
related molecules within the adipose tissue. Our working hy- tralizing antibody inhibits the inflammatory state of preadi-
pothesis is that macrophage infiltration affects fat expansion pocytes positioning TNFa as an important mediator of inflam-
through a paracrine action on adipocyte differentiation. Hu- mation in preadipocytes. Strikingly, conditioned media
man primary preadipocytes were then differentiated in the produced by macrophages isolated from human adipose tis-
presence of conditioned media obtained from macrophages sue exerted comparable effects with activated macrophages,
differentiated from blood monocytes. Preadipocytes treated i.e. decreased adipogenesis and increased inflammatory state
by macrophage-conditioned medium displayed marked re- in the preadipocytes. These data show that macrophage-se-
duction of adipogenesis as assessed by decreased cellular creted factors inhibit the formation of mature adipocytes, sug-
lipid accumulation and reduced gene expression of adipo- gesting possible role in limiting adipose tissue expansion in

genic and lipogenic markers. In addition to this effect, the humans. (Endocrinology 148: 868-877, 2007)
activation of macrophages by lipopolysaccharides stimulated

OBESITY RESULTS FROM the expansion of white adi-  from blood monocytes, which are in a proinflammatory state
pose tissue by adipocyte hypertrophy and formation  in obese subjects (10). Monocytes migrate to tissues where

of new adipocytes from precursor cells. Obesity is now con-  they differentiate into macrophages exhibiting tissue-specific
sidered a low-grade inflammatory disease, a feature shared  functions (11). Once activated, macrophages produce a wide
with associated pathologies like type 2 diabetes and athero- array of growth factors, cytokines, chemokines, and proteo-
sclerosis (1, 2). Several experiments suggest that some mol-  lytic enzymes (12). The role of macrophage infiltration and

ecules belonging to the broad panel of inflammatory factors s derived products in adipose tissue biology and develop-
(TNFaq, IL-1B8, IL-6, and so on) mostly originate from the ment in humans is mostly unknown.

nonadipose cell fraction, which includes infiltrated macro-
phages (3-5). The amount of infiltrated macrophages is
closely related with adipose tissue mass (6—8). The inflam-
matory cells are both dispersed in the whole tissue or dis-
posed in crown structures around some adipocytes (9).
Weight loss leads to the improvement of the inflammatory

profile (4) together with a significant reduction in the number ing the d1fferent1at19n progran, the transcrlptlonal factor
. $ .o . . . CCAAT/enhancer-binding protein (C/EBP)S is transiently

of adipose tissue infiltrating macrophages in obese patients . . o . .

) induced leading to activation of two master adipogenic tran-

scription factors, peroxisome proliferator-activated receptor
(PPAR)y2 and C/EBPa. These factors positively regulate
each other and then activate the transcription of genes in-
First Published Online November 2, 2006 VOI.Ve?l in lipid metabohsm. Regulatlo.n of adlpocytg differ-
Abbreviations: ATM, Adipose tissue macrophage; C/EBP, CCAAT/ entiation is exerted by various endocrine and autocrine fac-
enhancer-binding protein; CM, conditioned media; FBS, fetal bovine tors (hormones, inflammatory cytokines, growth factors.),
serum; I-«B, inhibitor «B; LPS, lipopolysaccharide; NF-«B, nuclear factor which mediate this process by acting on the synthesis and/or
kB; PPAR, peroxisome proliferator-activated receptor; SVF, stroma vas- ‘s fadi p ivtion f 16.17).1 .
cular fraction. act.1v1ty of adipogenic tran§cr1pt10n actors ( 2 ). Inmurine
Endocrinology is published monthly by The Endocrine Society (http:// adipose cell lines, the proinflammatory cytokines IL-16 and

www.endo-society.org), the foremost professional society serving the TNFa strongly suppress adipogenesis (18, 19) through acti-
endocrine community. vation of the nuclear factor kB (NF-kB) pathway (20). Acti-

Our working hypothesis is that macrophage infiltration
affects fat expansion through a paracrine action on adipose
differentiation. This process is characterized by extensive
extracellular matrix remodeling with the disappearance of
the fibronectin-rich matrix in the preadipocytes (13-15). Dur-

Bone marrow transplantation experiments in mice (6) sug-
gest that the origin of adipose tissue macrophages is mainly
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vation of this pathway leads to the release and nuclear trans-
location of NF-kB subunits resulting in an enhanced
transcription of inflammatory markers (cytokines and che-
mokines) (21, 22).

It has been recently shown that secreted factors derived
from the macrophage cell line increase the proinflammatory
status of 3T3-L1 adipocytes and human preadipocytes (23—
25). Because these effects could be due, at least in part, to the
phenotype of transformed cells, we ought to develop an
experimental cell model using primary human cells. The cells
were cultured in presence of conditioned medium from hu-
man monocyte-derived macrophages, the most likely cell
source for infiltrated macrophages in the adipose tissue. Be-
cause the phenotype of macrophages is subject to marked
changes in response to inflammatory stimuli, monocyte-
derived macrophages were stimulated with lipopolysaccha-
ride (LPS) before harvesting the conditioned medium to test
the effect of macrophagic activation. Finally, we were able to
demonstrate that conditioned medium produced by macro-
phages isolated from human adipose tissue reproduced the
effects of LPS activated monocyte-derived macrophages on
preadipocyte differentiation.

Materials and Methods
Isolation of human preadipocytes

Subcutaneous adipose tissues biopsies were obtained from nonobese
(body mass index < 30 kg/m?) and young female patients undergoing
elective surgery. None of the patients had diabetes or metabolic disor-
ders and taking medications. This study was approved by the Ethical
Committees of Hotel Dieu (Paris, France). Human preadipocytes were
isolated and cultured as described in (26, 27). Briefly, minced adipose
tissue was digested by collagenase treatment. The digested material was
filtered and centrifuged. The resulting pellet [stroma vascular fraction
(SVF)] was resuspended in erythrocyte lysis buffer (154 mm NH,CL; 5.7
mm K,HPO,; and 0.1 mm EDTA, pH 7.0) at 250 g for 10 min. After
washing in PBS, the SVF cells were suspended in DMEM-10% fetal
bovine serum (FBS) and used for cell culture at passage 2 to eliminate
nonpreadipocyte cell contamination as confirmed by negative staining
for macrophage markers (Ham 56 and Mac-1).

Preparation of human blood monocyte-derived macrophages and
conditioned medium: Blood from overweight (body mass index > 25
kg/m?) female patients was immediately processed for plasma blood
mononuclear cells isolation. Blood sample was layered on plasma blood
mononuclear cell isolation medium (Amersham Biosciences, Little Chal-
font, UK). Differentiation of monocytes to macrophages was conducted
as previously described (28). Briefly, plasma blood mononuclear cells
resuspended in 2 ml of RMPI medium containing 10% FBS were seeded
at a density of 1 X 10° cells in six-well plates and allowed to differentiate
for 7-8 d. Expression of specific macrophage markers (Ham 56/mac-1
staining and CD 68, CD 11b, CD 163 gene expression) was assessed to
verify the degree of macrophagic differentiation (data not shown). Mac-
rophage-conditioned media (CM) was prepared by incubating the
monocyte-derived macrophages at 4 X 10° cells in 12-well plates in 1 ml
of RMPI-10% FBS for 24 h. To test the effect of macrophage activation,
the cells were incubated in the conditions described here for 24 h with
100 ng/ml LPS (from Escherichia coli 0127:B8; Sigma, St. Louis, MI) prior
collecting the medium (Ac CM). The concentration of two inflammatory
cytokines, TNFa and IL-6, were markedly increased in Ac CM vs. CM
(TNFa: 52 = 25 vs. 2465 * 1069 pg/ml; IL-6: 62.7 = 16.8 vs. 1301 * 323
pg/ml, n = 3). Control medium was RPMI-10% FBS kept at 37 C for 24 h
in the absence of macrophages. In some experiments, the 24-h culture
RPMI medium obtained from human epithelial kidney cells (HEK 293)
was tested. The conditioned media of the macrophages obtained from
three to five individuals were pooled and stored at —80 C until used.
Distinct pools were used for each culture experiment.
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Preparation of adipose tissue macrophages and CM

Isolation of adipose tissue macrophage (ATM) from human adipose
tissue stroma vascular fraction was performed as previously described
(8). Isolated human SVF cells were obtained from sc adipose tissue
biopsies as described previously. SVF cells were suspended in PBS/2%
FBS/1 mmol/liter EDTA were incubated at room temperature for 15 min
with CD34-positive selection cocktail followed by a 10-min incubation
period with magnetic nanoparticles (Stemcell Technologies, Grenoble,
France). The CD34-negative cell fraction was incubated with CD14-
positive selection cocktail. The bead-coupled CD14+ cells were main-
tained for 24 h in 1 ml of ECBM (Promocell, Heidelberg, Germany)
sug)plemented with 0.1% bovine serum albumin at a cell density of 4 X
10° cells in 12-well plates to obtain macrophage conditioned media
(ATM CM), which was stored at —80 C before use.

Differentiation of human preadipocytes

Preadipocytes were cultured for 24 h in 1 ml of DMEM-10% FBS at
a cell density of 10° cells per well in 12-well plates. The preadipocytes
were then incubated with 0.25 ml of control RPMI, CM, or Ac CM
(corresponding to 1 X 10° macrophages activated or not) and 0.75 ml
DMEM/F12 induction medium (final concentration of 50 nm insulin, 100
nM dexamethasone, 0.25 mm inhibitor 1-methyl-3-isobutylxanthine, and
100 nm rosiglitazone) for 4 d (as described in Ref. 27). Next, this medium
was replaced by 0.25 ml of control RPMI, CM, or Ac CM and 0.75 ml
DMEM/F12 culture medium (final concentration of 50 nm insulin and
100 nM rosiglitazone). The medium was changed every 2 d until 10 to
12 d. For ATM CM, the experimental conditions were as described
previously except that the proportion was 0.5 ml of ATM CM (corre-
sponding to 2 X 10° AT macrophages) or control medium and 0.5 ml of
culture medium. It should be noted that macrophage markers, Ham56
and Mac-1, staining tested negative in preadipocytes from the different
experimental groups indicating the absence of remaining macrophages
in cell culture.

Other cellular determinations

The cytotoxicity of macrophages conditioned media was assessed by
measurement of lactate release in adipocytes culture medium (BioVi-
sion, Mountain View, CA). At the end of culture, the number of viable
cells was measured using the MTS proliferation assay (Promega, Mad-
ison, WI) and by counting 4'-6 diamidino-2-phenyl indole-2HCl-stained
nuclei. Differentiated preadipocytes were fixed with 4% paraformalde-
hyde for 10 min and Oil red O coloration was performed. After isopro-
panol extraction, quantification of lipids was performed by optical den-
sity measurements and normalized to cell protein levels as described in
(29).

RNA preparation and real-time PCR

Differentiated preadipocytes were processed for RNA extraction us-
ing the RNeasy RNA Mini Kit (Qiagen, Courtaboeuf, France). Total
RNAs (1 ng) were reversed transcribed using random hexamers and
Supercript II reverse transcriptase (30). SYBR green primers for the
tested genes are listed in Table 1. Real-time PCRs were conducted with
25 ng cDNA and both the sense and antisense oligonucleotides in a final
volume of 20 uL using the SYBR green Tagman universal PCR mix
(Applied Biosystems, Minneapolis, MN) monitored and assessed in a
detection system instrument (Applied Biosystems) (30). All values were
normalized according to 18S expression.

Western blot analysis

Cell protein extracts were prepared by cell lysing in RIPA buffer
containing a cocktail of protease inhibitors (complete mini; Roche Di-
agnostics, Mannheim, Germany) and phosphatase inhibitors (10 mm Naf
and 1 mM sodium orthovanadate). Chemokine and adipokine contents
were assessed in preadipocyte culture media. Protein concentrations
were determined using a modified Lowry assay (Pierce, Rockford, IL).
Proteins from cell lysates or culture media were resolved on sodium
dodecyl sulfate-polyacrylamide gels and transferred to nitrocellulose
membranes. The membranes were stained by Ponceau red to verify
equal loading and transfer. Next, membranes were probed overnight at
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TABLE 1. List of primer sequences used for real-time PCR
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Gene Forward Reverse
h Adiponectin TGTGATCTTGGCTCACTGTC CAGCTACTTGGGAGGCTGA
h aP2 CCTTTAAAAATACTGAGATTTCCTTCA GGACACCCCCATCTAAGGTT
h CD36 TGCCTATTCTTTGGCTTAATGAG TTACTTGACTTCTGAACATGTTTGC
h C/EBP« AGCAGGAGAAGGCCAAGG CCCGGGTAGTCAAAGTCG
h C/EBPB CTGGAGACGCAGCACAAG ACAGCTGCTCCACCTTCTTC
h CCND1 GAAGATCGTCGCACCTG GACCTCCTCCTCGGACTTCT
h FAS ACAGGGACAACCTGGAGTTCT CTGTGGTCCCACTTGATGAGT
h IL6 GCCCAGCTATGAACTCCTTCT GAAGGCAGCAGGCAACAC
h IL8 AGACAGCAGAGCACACAAGC ATGGTTCCTTCCGGTGGT
h Leptin AGAAAGTCCAGGATGACACC GACTGCGTGTGTGAAATGTC
h MCP-1 TTCTGTGCCTGCTGCTCAT GGGGCATTGATTGCATCT
h PPARy CAGGAAAGACAACAGACAAATCA GGGGTGATGTGTTTGAACTTG
h SREBP-1c GGAGGGGTAGGGCCAACGGCCT CATGTCTTCGAAAGTGCAATCC
h, Human.
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ibron . . . .
bronectin | we — Fia. 2. Increased proliferation of human preadipocytes in presence of
4 : Ac CM. MTS proliferation assay was performed on preadipocytes
— differentiated for 10 d with control, CM, or Ac CM. Data are mean *=
. SEM of four separate experiments performed in quadruplicate. *, P <
€ i f ! 0.05.
go 3
e~
Q =
&85
co , Immunofluorescence analysis
—
o
g 2 Preadipocytes were differentiated on glass coverslips in 24-well
s _g plates in the presence or not of CM or Ac CM. After 10 d, cells were fixed
== 1 with 4% paraformaldehyde for 10 min and permeabilized with 0.1%
o o . R . . . . .
Frafie= Triton X-100 for 5 min. Coverslips were incubated with primary anti-
body for 1 h (monoclonal human fibronectin; BD Transduction Labo-
0 ratories) and then with Cy2-conjugated antimouse IgG (Amersham Bio-

control CM AcCM

Fic. 1. Altered differentiation of human preadipocytes by macro-
phage CM. Preadipocytes were differentiated for 10-12 d with con-
trol, CM, or Ac CM. A, Oil red O quantification (mean * SEM) in four
independent cultures performed in quadruplicate are shown. B, Cell
extracts were immunoblotted for fibronectin (inset). Graphs show
quantification of the immunoblot signals. Mean * SEM for three in-
dependent experiments. *, P < 0.01.

4 C with primary antibodies [monoclonal human fibronectin 610077; BD
Transduction Laboratories, San Jose, CA; p65 NF-«B (9°H1), phospho Ser
536 p65 NF-kB (7F1) and I-kBa; Cell Signaling Technology, Beverly,
MA]. IL-6, IL-8, adiponectin, and monocyte chemotactic protein-1 an-
tibodies were obtained from R&D Systems (Minneapolis, MN). Specific
signals were detected with the ECL detection solution (Amersham Bio-
sciences) and immediately exposed to x-ray films. Signals were quan-
tified by densitometry.

sciences). Nuclei were stained with 4’-6 diamidino-2-phenyl indole-
2HCI. Coverslips were examined with an Olympus BX 41 fluorescence
microscope.

Measurements of cytokines in CM

Human IL-6 and TNFa immunoassays (R&D Systems) to measure
cytokine concentrations in macrophage CM were performed according
to the manufacturer’s protocols.

Statistical analysis

Data are expressed as the mean * seEm. The experiments were per-
formed at least three times, each using preadipocytes from different
human subjects and distinct macrophage CM. Statistical analysis was
performed using a Student’s f test. Comparisons between more than two
groups were carried out using a one-way analysis of variance analysis
in which P < 0.05 was considered statistically significant.
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Fic. 3. Altered gene expression in human preadipocytes by CM or Ac CM. Preadipocytes were differentiated for 10 d in presence of control (open
bars), CM (gray bars), or Ac CM (black bars). Adipose transcriptional factors, their target genes, adipokines, and lipogenic factors were quantified
by real-time PCR. Data are mean *+ SEM of six separate experiments in duplicate. *, P < 0.05; **, P < 0.01; *** P < 0.001.

Results

Human adipocyte differentiation is inhibited by
macrophage-secreted factors

In a first series of experiments, human preadipocytes were
cultured in the presence of control medium or conditioned
medium from monocyte-derived macrophages without
(CM) or after activation with LPS (Ac CM). The culture
medium was supplemented with CM or Ac CM at d 1 and
during the whole differentiation process. In control cultures,
preadipocytes became spherical with lipid droplets in 75—
80% of the cells at d 10-12. In contrast, preadipocytes cul-
tured in the presence of CM or Ac CM showed a dramatic
reduction of lipid droplets (—59% and —67%, respectively)
(Fig. 1). These cells conserved a complete fibroblastic ap-
pearance. In addition, preadipocytes cultured in presence of
Ac CM exhibited 3-fold more fibronectin-rich matrix than
control or CM-treated cells as detected by immunofluores-
cence (data not shown) and Western blotting (Fig. 1).

The concentration of lactate measured in the culture me-
dium at d 10, in three independent experiments, was similar
in the absence or in presence of CM or Ac CM (data not
shown), indicating minimal cytotoxicity of macrophage-con-
ditioned media. The degree of adipose differentiation, as
assessed by visual aspect of lipid droplet content, was un-
affected by a conditioned media obtained from human ep-

ithelial kidney cells 293 cells (data not shown). This obser-
vation reinforces the specificity of the observed effect of
macrophage CM on adipocyte differentiation.

The number of viable cells at the end of the differentiation
process (10 d) was not significantly changed by the presence
of CM. By contrast, 50% increased number of cells was
counted in culture supplemented with Ac CM (Fig. 2). These
data indicate that in the presence of CM or Ac CM, human
preadipocytes failed to differentiate and continued to pro-
liferate in presence of Ac CM.

Macrophage-secreted factors alter gene expression in human
preadipocytes

To elucidate the molecular mechanisms involved in the
impairment of adipogenesis induced by CM or Ac CM, we
examined the gene expression levels of several specific ad-
ipose markers. As shown in Fig. 3, the gene expression of
PPARY2 and C/EBPa was diminished by 50% and 70%,
respectively, in CM- and Ac CM-treated preadipocytes,
whereas that of C/EBP remained unchanged. The expres-
sion of leptin and adiponectin was also reduced by 75% and
45%, respectively, with no further effect of Ac CM vs. CM.
The inhibitory effect of CM or Ac CM on CD36 and aP2 gene
expression was even more pronounced. The expression of
SREBP-1c and FAS was decreased by 40% in CM-treated cells
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Fi1c. 4. Increased inflammatory markers in human preadipocytes in presence of Ac CM. Preadipocytes differentiated in the presence of control
(open bars), CM (gray bars), or Ac CM (black bars) for 1 d and next were treated for 4 h additional by the corresponding media. A, Inflammatory
markers were quantified by real-time PCR. B, The cells were placed in fresh DMEM/F12 medium with protease inhibitors. After 24 h, the media
were immunoblotted for monocyte chemotactic protein-1, IL-6, IL-8, and adiponectin. Graphs show quantifications of the immunoblot signals
or real-time PCR. Mean * SEM from four independent experiments. *, P < 0.05; **, P < 0.01; *** P < 0.001.

and by 80% in Ac CM-treated preadipocytes. Of note, when
the human preadipocytes were treated with CM or Ac CM
exclusively during the first 4 d of culture, i.e. during the
induction period, the expression of PPARY, aP2, leptin, and

adiponectin remains stable (data not shown) indicating a
minimal effect on adipose differentiation in this experimen-
tal condition.

The effect of CM or Ac CM on the inflammatory state of the
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Fi1c. 5. Role of the macrophage-secreted TNFa on preadipocyte functions. A, Gene expression of human preadipocytes treated or not by native,
heated macrophage CM. Preadipocytes were differentiated for 10 d in the presence of native or heated control (open bars), CM (gray bars), or
Ac CM (black bars). AP2 and IL-6 mRNAs were quantified by real-time PCR. Data are mean * SE from two separate experiments. B, Role of
macrophage-secreted TNFa on preadipocyte phenotype. Preadipocytes were differentiated for 10 d with control (open bars), CM (gray bars),
or Ac CM (black bars) in the absence of nonimmune IgG (IgG, nonimmune IgG, 2 pg/ml) or the presence of anti-TNFa antibody (IgG anti-TNF«
Ab, 2 pg/ml). AP2 and IL-6 mRNAs were quantified by real-time PCR. Data are mean *+ SEM from three separate experiments. *, P < 0.05;
** P < 0.02; #* P < 0.01.

TABLE 2. Effects of increasing doses of CM (CM and Ac CM) on aP2 and IL-6 expressions by human preadipocytes

aP2 (relative expression) IL6 (relative expression)
Corresponding no. of macrophages (CM)
1 1

0.5 x 10° 0.75 + 0.25 21+1.1

1 x 10° 0.41 £ 0.12 21+0.9

2 X 10° 0.42 +0.11 2.0+0.2
Corresponding no. of activated macrophages (AcCM)

0 1 1

0.5 X 10° 0.80 £ 0.20 16.1 = 4.8

1x 10° 0.33 £ 0.10 21.6 + 3.7

2 X 10° 0.18 £ 0.06 47,5+ 15.8

Preadipocytes were differentiated for 10 d with an additional 4-h period in the presence of control or respective CM corresponding to various
numbers of unactivated (CM) or activated macrophages (Ac CM). AP2 and IL6 mRNAs were quantified by real-time PCR. Data are the mean *+
SEM from three to four experiments performed in duplicate.

preadipocytes was investigated by measuring the expression = agreement with the gene expression findings, Ac CM- but not
and release of selected proinflammatory markers, including the =~ CM-treated preadipocytes exhibited markedly increased re-
cytokines IL-18, IL-6, and the chemokines monocyte chemo- lease of monocyte chemotactic protein-1 and IL-6 (5-fold) and
tactic protein-1 and IL-8. Only Ac CM induced a very strong of IL-8 (7-fold) (Fig. 4B). In contrast to the other markers, adi-
induction of these markers (15-fold for IL-18, monocyte che-  ponectin decreased markedly in the culture medium in the
motactic protein-1 and IL-6 and 20-fold for IL-8) (Fig. 4A). In  presence of Ac CM.
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Fic. 6. Altered gene expression and increased inflammatory mark-
ers in presence of adipose tissue macrophage-secreted factors. Prea-
dipocytes were differentiated in the presence of control (open bars) or
ATM CM (black bars) for 10 d. Adipocyte (A) and inflammatory mark-
ers (B) were quantified by real-time PCR. Data are mean * SEM of four
separate cultures using two distinct ATM CM preparations. *, P <
0.05; **, P < 0.01; *** P < 0.001.

Nature of the macrophage-secreted factors involved in the
alterations of preadipocyte functions

To determine the macrophage-secreted factors involved in
the alteration of preadipocyte functions, CM was boiled to
eliminate heat-sensitive factors. Heat denaturation markedly
altered the inhibitory effects of CM or Ac CM on the gene
expression of the adipose specific marker aP2. The IL-6 in-
duction by boiled Ac CM was greatly reduced compared
with native Ac CM (Fig. 5A). We next investigated the role
of TNFa on preadipocyte functions by using anti-TNFa neu-
tralizing antibody treatment. TNFa is mostly produced by
macrophages and was recently shown to provoke inflam-
mation changes in 3T3-L1 adipocytes (24). The inhibitory
effect of CM or Ac CM on the aP2 gene expression was
slightly corrected by blocking TNFa. In contrast, the strong
induction of IL-6 by Ac CM was markedly inhibited by the
anti-TNFa neutralizing antibody treatment suggesting an

Lacasa et al. ® Human Adipogenesis Regulation by Macrophages

important role for TNFa in the preadipocyte inflammation
(Fig. 5B). In addition, dose-response experiments using CM
and Ac CM showed that Ac CM but not CM provoked a
dose-dependent IL-6 induction. In contrast, aP2 gene expres-
sion was dose-dependently decreased by CM and Ac CM
(Table 2).

Human adipose tissue macrophage-secreted factors decrease
adipose marker gene expression

Next, we tested the effect of conditioned media of mac-
rophages isolated from human adipose tissue (ATM CM).
Because the effect of CM from monocyte-derived macro-
phages was observed with CM or Ac CM added at d 1 and
during the whole period of differentiation, the same protocol
was used to test the effect of ATM CM. The expression of
adipocyte gene markers was clearly decreased in preadipo-
cytes treated with ATM CM, including PPARY2 (—65%), aP2
(—80%), leptin (=70%), and adiponectin (—65%) (Fig. 6). In
addition, these preadipocytes also exhibited a strong inflam-
matory status evidenced by increased gene expression of IL-6
(16.5-fold) and monocyte chemotactic protein-1 (2.5-fold).
These effects were strikingly similar to those elicited by Ac
CM on the human preadipocytes (compare Fig. 6 with Figs.
3 and 4A).

NF-«B pathway is activated in preadipocytes in response to
Ac CM

Because the NF-kB pathway is a key transcriptional reg-
ulator of inflammation, we hypothesized that CM and Ac
CM activate this signaling system in the human preadipo-
cytes. As shown in Fig. 7, the preadipocyte incubation with
Ac CM, but not CM, rapidly increased by 2-fold the active
form of NF-«B subunit, phospho NF-«B p65 (Ser 536). I-kBa
protein, which sequesters the p50 and p65 NF-«B subunits in
the cytosol, was decreased by 70% after Ac CM treatment.
The protein expression of p50 NF-«kB subunit precursor,
p105, itself a NF-«B target (31), was increased by the chronic
treatment of preadipocytes with Ac CM. These data indicate
that Ac CM promotes NF-«B activation. The increased ex-
pression and release of IL-1p, IL-6, IL-8, and monocyte che-
motactic protein-1 (Fig. 4), which are known NF-«B gene
targets, supports the activation of this pathway in Ac CM-
treated preadipocytes. In addition, the expression of cyclin
D1, which is induced in response to NF-«B activation, was
increased 2.5-fold in Ac CM-treated preadipocytes (Fig. 4A).

Discussion

By using an experimental approach in which human prea-
dipocytes were differentiated in the presence of conditioned
media from monocyte-derived or adipose tissue macro-
phages, we demonstrated that products secreted from mac-
rophages deeply decrease the differentiation capacity of sc
preadipocytes. The defective adipogenesis potential of hu-
man preadipocytes was clearly demonstrated by a significant
decrease in the expression of two key genes of adipocyte
differentiation (32, 33), PPARYy2 and C/EBP«, when preadi-
pocytes are exposed to macrophage-derived factors all along
the culture period. Molecules produced by macrophages rep-
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Fic. 7. NF-«B pathway activation of human preadipocytes in the presence of CM or Ac CM. Preadipocytes differentiated for 10-12 d with
control, CM, or Ac CM were incubated for 15 min with control, CM, or Ac CM, respectively. Cell extracts were immunoblotted for phospho p65
NF-«B (ser 536), I-kBa, and p105 NF-«B. Control loading was total NF-«B or nonspecific bands as indicated. Graphs show quantification of
the immunoblots. Mean * SEM from four independent experiments. *, P < 0.05; **, P < 0.01; *** P < 0.001.

resent a physiological cocktail of biomolecules probably act-
ing synergistically on PPARYy2 and C/EBPe, both transcrip-
tion factors known to function in a positive regulatory loop
to activate adipogenesis (34). By contrast, C/EBPS expres-
sion was unaffected, suggesting that this transcription factor
is not critical for the effect of macrophage-derived factors on
PPAR+y2 and C/EBPa gene expression at this stage of human
adipose differentiation.

Until now, the role of inflammation molecules on adipo-
genesis was addressed mostly on adipocyte rodent cell lines
by exploring the individual effect of a limited number of
cytokines. IL-18 and TNFa have been described as strong

suppressors of adipogenesis (18-20) and these cytokines ex-
ert their inhibitory effects through suppression of PPARy
expression and activity via NF-«B activation (20, 35). How-
ever, macrophages produce a huge variety of biomolecules
such as growth factors (transforming growth factor 8, vas-
cular endothelial growth factor), cytokines (TNFe, IL-1p,
IL-6), proteolytic enzymes, and metabolites (reactive oxygen
species, nitric oxide, and prostaglandins) (12) that needs to
be precisely characterized in macrophages infiltrating hu-
man adipose tissue. The production of these inflammatory
molecules is exacerbated in activated macrophages. It is
plausible that a spectrum of biomolecules acting synergisti-
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cally is involved in the inhibition of adipogenesis through
various pathways. Here, we observed that Ac CM, but not
CM, induced NF-«B activation in preadipocytes as well as
the modulation of several target genes. This could be related
to the high levels of TNFa and IL-6 produced by LPS-acti-
vated macrophages; also, other factors cannot be excluded.
The preadipocyte inflammation induced by Ac CM could
then self-perpetuate through increased secretion of inflam-
matory factors. Blocking TNFa totally inhibited the IL-6
mRNA induction by Ac CM. Because TNFa is mostly se-
creted by macrophages, we suggest that this cytokine is a
major mediator of preadipocyte inflammation. However, it
cannot be excluded that other macrophage-secreted factors
may also be induced during the proinflammatory state of
preadipocytes. In contrast, blocking TNFa did not totally
reverse the defective adipogenesis provoked by CM and Ac
CM indicating mostly a TNFa-independent process. How-
ever, the preadipocyte inflammation could aggravate the
altered differentiation process because the inhibitory effects
were more pronounced with Ac CM than for CM at least for
some adipose-specific markers (aP2, SREBP1-c and FAS; Fig.
3).

During adipose differentiation of murine cell lines, exten-
sive extracellular matrix remodeling takes place character-
ized by decreased expression of fibronectin (13-15). More-
over, culture of human preadipocytes on fibronectin matrix
markedly inhibits adipogenesis (36). Activated macrophage
secreted cytokines might participate to increase fibronectin.
Such a role has been clearly demonstrated for TNFa in
3T3-L1 cells (19). In addition, fibronectin appears to promote
cell proliferation through the induction of cyclin D1 (37), a
cell-cycle entry protein, which is a target gene of NF-«B (38).
Therefore, potential links involving activated NF-kB path-
way, cyclin D1 and fibronectin, could be established between
the inflammatory state and the increased proliferation of Ac
CM-treated preadipocytes. Due to a scarcity of material, not
all these parameters were assessed in preadipocytes cultured
in presence ATM CM. Nevertheless, the marked increase in
IL-6 and MCP-1 gene expression strongly suggests that ad-
ipose tissue macrophage secreted factors generate NF-«B
activation-mediated inflammatory state in these cells alike.
Of note, such molecular links are unlikely to operate in CM-
treated preadipocytes, which display reduced adipogenesis,
but no alteration in NF-kB activation, fibronectin levels, and
cyclin D1 gene expression. Further experiments examining
gene expression and canonical pathways are needed to pro-
vide information on the specific molecular mechanisms in-
volved in this condition.

The significance of the proinflammatory state of preadi-
pocytes and their defective engagement toward adipogene-
sis need to be understood, particularly in obesity, which is
characterized by macrophage infiltration. In particular, sig-
nals favoring macrophage infiltration in adipose tissue re-
mains poorly understood. Monocyte chemotactic protein-1
and IL-8, which play crucial role for the recruitment of im-
mune cells in inflammatory zones, could be candidates. The
role of monocyte chemotactic protein-1 was evidenced by
recent data showing that CCR2 (monocyte chemotactic pro-
tein-1 receptor) deficiency reduced macrophage content of
adipose tissue in obese mice (39). The monocyte chemotactic
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protein-1 and IL-8 releases by human adipose tissue, mainly
attributed to the stroma vascular cells, are increased during
obesity (40, 41). Our data clearly showed increased expres-
sion of IL-8 and/or monocyte chemotactic protein-1 by Ac
CM- and ATM CM-treated preadipocytes. These chemo-
kines, and probably others, produced by the inflammatory
preadipocytes could participate with other stroma vascular
cells to macrophage recruitment and maintenance in adipose
tissue.

In summary, our data suggest that in adipose tissue, and
particularly in the obesity context, the factors secreted by
infiltrated macrophages inhibit the formation of new adipo-
cytes and facilitate their proliferation. This phenomenon
could represent an adaptive response to limit fat expansion
in humans. However, it remains to be demonstrated whether
the proliferative effect of activated macrophages on preadi-
pocytes may represent a major determinant of resistance to
weight loss or could lead to weight regain in obese subjects.
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