
Introduction
Multiple functions attributed to adipose tissue include
thermoregulation, energy storage, estrogen synthesis,
and cytokine production. While fat cells and their pre-
cursors have been the focus of many studies involving
obesity, they also constitute a normal component of
bone marrow. Indeed, adipocytes, hematopoiesis-sup-
porting stromal cells, osteoblasts, and myocytes appear
to derive from common mesenchymal stem cells in
that tissue (1). Cloned preadipocyte lines with the
potential for differentiation in culture have been
extremely valuable for understanding the molecular
regulation of differentiation (2). Agents that induce fat
cell formation from these precursors include insulin,
hydrocortisone, methylisobutylxanthine (MIBX) (3),
and ligands for peroxisome proliferator activator
receptors (PPARs) (4, 5). On the other hand, many
findings indicate that adipogenesis is also controlled
through negative feedback mechanisms. For example,
adipose tissue produces leptin (6), plasminogen acti-
vator inhibitor type 1 (PAI-1) (7), TNF-α (8), TGF-β (9),
and prostaglandin E2 (PGE2) (10), agents that are
thought to block fat cell formation (11–14).

Four groups independently discovered a protein des-
ignated Acrp30, adipoQ, or adiponectin that represents
a major fat cell–restricted product in mouse and man

(15–18). It was also isolated from human serum and
termed GBP28 (18). Adiponectin is a homotrimer that
is similar in size and overall structure to complement
protein C1q, with particularly high homology in the 
C-terminal globular domain (17). The crystal structure
of adiponectin revealed additional high similarity
between the same domain and TNF-α (19).
Adiponectin synthesis increases with adipocyte differ-
entiation in culture and is inhibited by TNF-α (20).
Adipocytes use a specialized secretory compartment to
release this protein (21).

Normal biological activities of adiponectin are poor-
ly understood, but provocative findings suggest poten-
tial involvement in obesity, cardiovascular disease, and
diabetes. Production and circulating protein concen-
trations are suppressed in obese mice and humans (16,
22). Low plasma levels may be a risk factor in coronary
heart disease, and concentrations are also significantly
reduced in type 2 diabetes (23, 24). The ability of
adiponectin to lower glucose and reverse insulin resist-
ance suggests that it may have application as a diabetes
drug (25, 26). Furthermore, a proteolytically cleaved
fragment of adiponectin was shown to cause weight
loss in obese animals (27). This protein directly or indi-
rectly affects at least four cell types. Adiponectin mod-
ulates NF-κB–mediated signals in human aortic

The Journal of Clinical Investigation | May 2002 | Volume 109 | Number 10 1303

Paracrine regulation of fat cell formation in bone marrow
cultures via adiponectin and prostaglandins

Takafumi Yokota,1 C.S. Reddy Meka,1 Kay L. Medina,1 Hideya Igarashi,1 Phillip C. Comp,2

Masahiko Takahashi,3 Makoto Nishida,3 Kenji Oritani,3 Jun-ichiro Miyagawa,3

Tohru Funahashi,3 Yoshiaki Tomiyama,3 Yuji Matsuzawa,3 and Paul W. Kincade1

1Immunobiology and Cancer Program, Oklahoma Medical Research Foundation, Oklahoma City, Oklahoma, USA
2Department of Medicine, University of Oklahoma Health Sciences Center, Oklahoma City, Oklahoma, USA
3Department of Internal Medicine and Molecular Science, Graduate School of Medicine, Osaka University, Osaka, Japan

Address correspondence to: Paul W. Kincade, Immunobiology and Cancer Program, 
Oklahoma Medical Research Foundation, 825 NE 13th Street, Oklahoma City, Oklahoma 73104, USA. 
Phone: (405) 271-7905; Fax: (405) 271-8568; E-mail: Kincade@omrf.ouhsc.edu.

Received for publication October 25, 2001, and accepted in revised form April 9, 2002.

Adiponectin, an adipocyte-derived hormone, was recently shown to have potential therapeutic
applications in diabetes and obesity because of its influence on glucose and lipid metabolism. We
found that brown fat in normal human bone marrow contains this protein and used marrow-
derived preadipocyte lines and long-term cultures to explore potential roles in hematopoiesis.
Recombinant adiponectin blocked fat cell formation in long-term bone marrow cultures and inhib-
ited the differentiation of cloned stromal preadipocytes. Adiponectin also caused elevated expres-
sion of cyclooxygenase-2 (COX-2) by these stromal cells and induced release of prostaglandin E2

(PGE2). The COX-2 inhibitor Dup-697 prevented the inhibitory action of adiponectin on
preadipocyte differentiation, suggesting involvement of stromal cell–derived prostanoids. Fur-
thermore, adiponectin failed to block fat cell generation when bone marrow cells were derived from
B6,129SPtgs2tm1Jed (COX-2+/–) mice. These observations show that preadipocytes represent direct tar-
gets for adiponectin action, establishing a paracrine negative feedback loop for fat regulation. They
also link adiponectin to the COX-2–dependent PGs that are critical in this process.
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endothelial cells, presumably accounting for their
reduced adhesiveness for monocytes (28). The protein
suppresses differentiation of myeloid progenitor cells
and has discrete effects on two monocyte cell lines (29).
Adiponectin reduces the viability of these cells and
blocks LPS-induced production of TNF-α. It appears
to use the C1qRp receptor on normal macrophages and
blocks their ability to phagocytose particles (29). Intact
or cleaved forms of adiponectin cause increased fatty
acid oxidation by muscle cells in treated mice (25, 27).
The protein may also induce metabolic changes in
hepatocytes (25, 26).

Fat cells are conspicuous in normal bone marrow and
have long been suspected to have an influence on
hematopoiesis (30). Indeed, adipogenesis alters expres-
sion of extracellular matrix and cytokines in bone mar-
row, affecting hematopoiesis both directly and indi-
rectly. Preadipocytes support blood cell formation in
culture, and fully differentiated fat cells produce less
colony stimulating factor–1 than their precursors do
(31). Hematopoiesis-supportive activity and expression
of stem cell factor, IL-6, and leukemia inhibitory factor
declined with terminal adipocyte differentiation of an
embryo-derived stromal line (32). The fat cell product
leptin promotes osteoblast formation and
hematopoiesis while inhibiting adipogenesis (11, 33).
Furthermore, adiponectin was found to block
myelopoiesis in clonal assays of hematopoietic cell pre-
cursors (29). All these observations suggest that marrow
fat cells and their products may participate in the regu-
lation of blood cell formation, but more information is
needed regarding mechanisms. We now report that
recombinant adiponectin blocks fat cell formation in
complex long-term bone marrow cultures (LTBMCs).
This response appears to result from the induction of
cyclooxygenase-2 (COX-2) and PGs in preadipocytes.

Methods
Production and characterization of recombinant adiponectin.
Human recombinant adiponectin was prepared as pre-
viously described (22). Briefly, a 693-bp adiponectin
cDNA encoding a peptide leader–deficient protein was
subcloned into the pET3c expression vector and used
to transform host E. coli (strain BL21(DE3)pLysS).
Synthesis of recombinant adiponectin was induced by
isopropylthio-β-D-galactoside. Bacterial cells were pel-
leted and suspended in 50 mM Tris-HCl (pH 8.0) for 1
hour and added to Triton X-100 at a final concentra-
tion of 0.2%, then sonicated. The suspended buffer was
centrifuged and the pellet was then washed with the
same solution. The pellet was precipitated and solubi-
lized with 100 mM Tris-HCl (pH 8.0) containing 7 M
guanidine HCl and 1% β-mercaptoethanol. The solu-
bilized protein was refolded in the presence of 200 vol-
umes of 2 M urea and 20 mM Tris-HCl (pH 8.0) for 3
days at 4°C. The refolded protein was concentrated by
centrifugal filtration and dialyzed with 20 mM Tris-
HCl (pH 8.0). It was purified by a Tris-HCl (20 mM,
pH 7.2) –equilibrated DEAE-5PW ion-exchange high

performance liquid chromatography column (Toso
Co., Tokyo, Japan) using a linear gradient of NaCl (0–1
M). SDS-PAGE and Western blotting with adipo-
nectin-specific monoclonal antibodies were used to
confirm adiponectin purity (see Figure 2). The distri-
bution of its multimeric forms and their formula
weights were examined by gel filtration chromatogra-
phy using a Superdex 200 HR 10/30 column (Amer-
sham Pharmacia Biotech, Piscataway, New Jersey,
USA). Recombinant glutathione S transferase (GST)
was also prepared from E. coli and used as a control.
The proteins were dialyzed with PBS and used at a con-
centration of 10 µg/ml in culture. After the cell soni-
cation step, all procedures were performed in endo-
toxin-free buffers; final endotoxin concentrations were
less than 0.07 endotoxin units/ml as checked by Limu-
lus Amebocyte Lysate Pyrogent Plus (BioWhittaker
Inc., Walkersville, Maryland, USA).

Reagents. Human insulin was purchased from Roche
Diagnostics (Mannheim, Germany). MIBX was pur-
chased from Sigma-Aldrich (St. Louis, Missouri, USA).
PGE2 and Dup-697 were purchased from Cayman
Chemical Co. (Ann Arbor, Michigan, USA) and used at
a concentration of 1 × 10–6 M.

Tissue, cells, and mice. Normal human bone marrow
was collected by biopsy from the posterior iliac crest of
healthy young volunteers with informed consent and
used for immunohistochemical analysis of adipo-
nectin. BMS2 and 3T3-L1 cells were maintained in
DMEM (high glucose) supplemented with 10% FCS
(HyClone Laboratories, Logan, Utah, USA). MS5 cells
were maintained in α-MEM medium supplemented
with 10% FCS. Balb/c mice (3–6 weeks old) were
obtained from Charles River Laboratories (Wilming-
ton, Massachusetts, USA). B6,129SPtgs2tm1Jed (COX-2+/–)
mice and C57BL/6 mice (3–5 weeks old) were pur-
chased from The Jackson Laboratory (Bar Harbor,
Maine, USA). High mortality and unavailability pre-
cluded use of homozygous COX-2–/– animals in these
experiments, but a single targeted allele abrogated
preadipocyte responses to adiponectin (see Figure 5).

Adiponectin expression in bone marrow. Expression of
adiponectin protein was examined in normal human
bone marrow specimens by indirect immunofluores-
cence methods using the 9108 monoclonal antibody
provided by Otsuka Pharmaceutical Co. (Tokushima,
Japan) (22). RT-PCR was used to detect adiponectin
transcripts in cDNA prepared from total human bone
marrow RNA (CLONTECH Laboratories Inc., Palo
Alto, California, USA). The oligonucleotide primers
were 5′-TGTTGCTGGGAGCTGTTCTACTG-3′ and 5′-
ATGTCTCCCTTAGGACCAATAAG-3′ for adiponectin, and
5′-CCATCCTGCGTCTGGACCTG-3′ and 5′-GTAACAGTC-
CGCCTAGAAGC-3′ for β-actin.

LTBMCs. LTBMCs that support formation of myeloid
cells (Dexter cultures) were initiated and maintained by
published methods (34). Bone marrow cells of normal
Balb/c mice (12 × 106 cells) were cultured in 25-cm2

flasks in 5% CO2 at 33°C. The medium consisted of 
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α-MEM supplemented with 100 nM hydrocortisone
and 20% horse serum (HyClone Laboratories). Cultures
were treated with adiponectin or BSA beginning at cul-
ture initiation and weekly thereafter for 6 weeks. In
some experiments, adiponectin was omitted from the
media after 6 weeks of culture, and cultures were main-
tained for another 6 weeks with medium alone.

RT-PCR. Total RNA was isolated from MS5 or
BMS2 cells treated with adiponectin for various peri-
ods using TRIzol reagent (Life Technologies Inc.,
Grand Island, New York, USA) and suspended in
diethylpyrocarbonate-treated water. After treating
total RNA with DNase (Life Technologies Inc.),
cDNA was made using random hexamers and
Moloney murine leukemia virus reverse transcriptase
(Life Technologies Inc.). For PCR, 10 µl of the reverse
transcription mixtures described above were added to
PCR buffer containing 1.5 mM MgCl2, 1 U Taq poly-
merase (PE Biosystems, Norwalk, Connecticut, USA),
2 mM each of dNTP, and 200 nM each of relevant
sense and antisense primers. The DNA in the PCR
reaction mixtures was amplified using 25–35 cycles
of 94°C for 1 minute, 55°C for 2 minutes, and 72°C
for 3 minutes. The oligonucleotide primers used for
these reactions were 5′-GCAAATCCTTGCTGTTCCAAT-
3′ (sense) and 5′-GGAGAAGGCTTCCCAGCTTTT-3′
(antisense) for COX-2, and 5′-CCCAGAGTCATGAGTC-
GAAGGAG-3′ (sense) and 5′-CAGGCGCATGAG-
TACTTCTCGG-3′ (antisense) for COX-1. Primers for
TNF-α, TGF-β, IFN-α, IFN-β, IFN-γ, and limitin (35)
were also prepared and used in this study.

Northern blot analysis. Poly(A)+ mRNA was prepared
from the indicated samples using oligo(dT) columns
(Ambion Inc., Austin, Texas, USA). Aliquots of poly(A)+

mRNA (2 µg) were denatured in formamide and
formaldehyde at 65°C and electrophoresed on
formaldehyde-containing agarose gels. After capillary
transfer to nylon membranes (Micron Separations Inc.,
Westborough, Massachusetts, USA), the RNA was
crosslinked by UV exposure. cDNA probes for
CCAAT/enhancer binding protein-α (C/EBP-α) and
adipocyte P2 (aP2) were obtained from ResGen
(Huntsville, Alabama, USA) and American Type Cul-
ture Collection (Manassas, Virginia, USA), respectively.
Probes with sizes corresponding to PPAR-γ, COX-1, and
COX-2 were prepared using PCR, and all probes were
radiolabeled with [α-32P]dCTP using the random prime
labeling system Rediprime II, purchased from Amer-
sham Pharmacia Biotech.

Enzyme immunoassay for PGE2. Confluent MS5 or
BMS2 cells prepared in 24-well plates were incubated
in 500 µl of media with or without adiponectin. Super-
natants from these cultures were examined for the pres-
ence of PGE2 using an enzyme immunoassay kit pur-
chased from Cayman Chemical Co.

Adipocyte differentiation. Differentiation of BMS2 cells
to adipocytes was achieved by treatment with 5 µg/ml
insulin and 0.5 mM MIBX for 10 days. Differentiation
of MS5 cells to adipocytes was achieved by treatment

with 5 µg/ml insulin alone for 15 days. Cultures were
treated with adiponectin, PGE2, or Dup-697 from the
time of culture initiation. At the end of this period, cul-
tures were photographed and then stained with Nile
red to detect lipid accumulation indicative of adipocyte
differentiation. The extent of differentiation was esti-
mated by flow cytometry (FACScan; Becton Dickinson
and Co., San Jose, California, USA) (35).

Adherent bone marrow cell cultures. Adherent bone mar-
row cell cultures were established with heterozygous
knockout COX-2+/– mice or normal C57BL/6 mice.
Bone marrow cells were suspended at 2 × 105 cells per 6
ml of Dexter culture media and seeded in 25-cm2

flasks. This cell concentration gives rise to adherent
stromal layers without myeloid cell growth. Cultures
were treated with adiponectin or BSA at the time of cul-
ture initiation and weekly thereafter for 6 weeks.

Results
Adiponectin inhibits fat cell formation in LTBMCs. Adult
bone marrow, like fetal and neonatal tissues, contains
brown fat (30). Adiponectin was originally discovered
as a product of subcutaneous white fat, and we used
RT-PCR to determine whether it is also expressed in
adult bone marrow. The adiponectin-specific primers
yielded an amplification product from normal adult
marrow cDNA (Figure 1a). We confirmed the specifici-
ty of amplification by sequencing the PCR product
(data not shown). We also used an adiponectin-specif-
ic monoclonal antibody to determine whether the pro-
tein is present in human bone marrow (Figure 1b). Spe-
cific staining was found to be associated with the
abundant fat cells in that tissue.

Monomeric recombinant adiponectin has an appar-
ent molecular mass of 32 kDa (ref. 22 and Figure 2a).
We observed additional 64-kDa and faint 96-kDa
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Figure 1
Adiponectin is present in normal human bone marrow. (a) Total
RNA derived from normal human bone marrow was analyzed by 
RT-PCR. Samples containing all reagents except human bone mar-
row cDNA were used as negative controls. (b) Normal human bone
marrow was processed and stained with a monoclonal antibody to
adiponectin or an isotype-matched irrelevant control antibody.



bands on SDS-PAGE gels under nonreducing condi-
tions, corresponding to dimers and trimers of
adiponectin, respectively. No bands were detected
above the 102-kDa marker. The 64-kDa and 96-kDa
bands disappeared under reducing conditions, and
only the 32-kDa band remained (Figure 2a).
Adiponectin-specific monoclonal antibodies recog-
nized all bands in both conditions by Western blotting
(data not shown). Although multimeric structures larg-
er than trimers were not detected by SDS-PAGE, gel fil-
tration chromatography showed a wide distribution of
recombinant adiponectin with formula weights exceed-
ing trimers (Figure 2b). This multimeric character was
consistent with native adiponectin in human plasma
(22), as well as native or recombinant ACRP30, the
murine homologue of adiponectin (15, 27).

To determine whether adiponectin influences blood
cell formation, we established LTBMCs with and with-
out this factor. We chose Dexter culture conditions,
where adipocytes are typically conspicuous in the
adherent layer. While no influence on myelopoiesis
was found, inclusion of adiponectin in the medium
completely inhibited fat cell formation (Figure 2c).
The negative influence of this protein was reversible,
and normal numbers of adipocytes were generated
when the protein was removed. Additional studies
were conducted to determine what cell types were
influenced by adiponectin and to explore potential
regulatory mechanisms.

Bone marrow cultures represent a complex mixture of
hematopoietic cells that mature through interactions
with an adherent stromal layer composed of fibroblasts,
adipocytes, macrophages, and endothelial cells (34). Pre-
liminary experiments with three preadipocyte cell lines
suggested that preadipocytes could be one target of
adiponectin in the bone marrow cultures. The 3T3-L1
cell line rapidly generated adipocytes when insulin was

added as an adipogenesis-inducing agent, and this
response was only slightly inhibited by adiponectin.
However, substantial suppression was found with MS5
and BMS2 clones (see below). These experiments
demonstrate that preadipocytes can be a direct target of
this fat cell product.

Adiponectin induces COX-2 and PGE2 synthesis. TNF-α,
TGF-β, IFNs, and PGE2 are fat cell products previously
shown to inhibit fat cell formation. Thus, we screened
for their induction in adiponectin-treated preadipocytes
by RT-PCR analysis. Transcripts corresponding to 
TNF-α or IFN-γ were not detectable in MS5 cells, even
when adiponectin was added to the cultures (data not
shown). Basal expression of TGF-β, IFN-α and -β, and a
newly described IFN-like cytokine designated limitin
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Figure 2
Recombinant adiponectin inhibits adipogenesis
in culture. (a) Recombinant adiponectin (right
lanes) was subjected to SDS-PAGE under either
nonreducing or reducing conditions and stained
with Coomassie brilliant blue. Protein size mark-
ers are shown for comparison (left lanes). (b)
Analytical gel filtration chromatography was
performed with recombinant adiponectin.
Arrows indicate the apparent molecular weight
of each peak. (c) Fat cell formation in adherent
layers of Dexter cultures (top and middle pan-
els, at 6 weeks; bottom panel, at 12 weeks from
initiation of culture) is shown in these phase-
contrast micrographs. Adiponectin was with-
drawn after 6 weeks of culture (bottom panel).
Arrows in each picture indicate adipocytes. The
data is representative of that obtained in three
similar experiments.

Figure 3
Adiponectin induces the COX-2–prostanoid pathway in
preadipocytes. (a) Northern blot analysis of COX-2 and COX-1
expression in BMS2 cells treated with adiponectin. (b)
Adiponectin upregulates PGE2 secretion by BMS2 cells (open cir-
cles, BSA; closed circles, adiponectin). The data are presented as
the mean of duplicate cultures. Similar results were obtained in
four independent experiments.



(36) was detectable by RT-PCR, but this expression was
not obviously influenced by adiponectin (data not
shown). In contrast, we consistently found that tran-
scripts for COX-2 but not COX-1 were upregulated by
adiponectin treatment of either MS5 or BMS2 stromal
cell clones (data not shown). We confirmed these obser-
vations by Northern blot analysis (Figure 3a). PGE2 is
known to inhibit adipogenesis and is a substance that
depends on COX-2 for its production (37, 38). There-
fore, BMS2 or MS5 cells were allowed to come to con-
fluence before addition of either adiponectin or BSA
(Figure 3b). PGE2 concentrations in the supernatants of
these cultures were evaluated by ELISA at the indicated
times. Adiponectin consistently caused approximately
twofold increases in PGE2 secretion. Thus, PG synthesis
represents a potential mechanism for inhibition of adi-
pogenesis by adiponectin.

Responses of preadipocytes to adiponectin require COX-2. We
then used two experimental approaches to assess the

importance of COX-2 for the inhibition of fat cell for-
mation by adiponectin. BMS2 cells were cultured with
MIBX and insulin to induce strong fat cell formation,
and this response was blocked as expected by inclusion
of PGE2 in the medium (Figure 4a). Adiponectin also
blocked adipogenesis, whereas a control GST fusion
protein had no influence. The inhibition by adiponectin
was not observed when the specific COX-2 inhibitor
Dup-697 was present (Figure 4a). Inclusion of Dup-697
alone had no influence on fat cell formation (not
shown). While accumulation of visible fat droplets was
blocked by either PGE2 or adiponectin, the combination
of insulin and MIBX still caused a morphological
change in adherent layers relative to those in cultures
with medium alone (Figure 4a). Flow cytometry and
Nile red staining of the same cultures was therefore
used to extend the microscopic analysis (Figure 4b).
Lipid accumulation induced by insulin and MIBX was
completely blocked by either PGE2 or adiponectin. The
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Figure 4
Adiponectin inhibits the differen-
tiation of preadipocytes to
adipocytes. Fat cell differentia-
tion from BMS2 cells cultured
with the indicated substances for
10 days in 24-well plates is illus-
trated in phase-contrast pho-
tomicrographs (a) and by flow
cytometry with Nile red staining
(b). The numbers in the boxes
indicate the mean ± SD percent-
ages of adipocytes in triplicate
cultures. The data are represen-
tative of that obtained in three
similar experiments. (c) Expres-
sion of adipocyte-specific genes
(C/EBP-α, PPAR-γ, and aP2) and
β-actin in BMS2. Poly(A)+ mRNA
was isolated from BMS2 cells cul-
tured under the indicated condi-
tions and subjected to Northern
blot analysis. Lane 1, medium
alone; lane 2, insulin + MIBX;
lane 3, insulin + MIBX + PGE2;
lane 4, insulin + MIBX + GST;
lane 5, insulin + MIBX +
adiponectin; lane 6, insulin +
MIBX + adiponectin + Dup-697.



response to adiponectin was substantially blocked by
inclusion of the COX-2 inhibitor. Adipocyte gene
expression analysis confirmed the cell morphology and
lipid accumulation findings (Figure 4c). C/EBP-α and
PPAR-γ, two transcription factors crucial for adipogen-
esis, were only weakly expressed in BMS2 preadipocytes,
but were intensely induced by insulin and MIBX. Either
PGE2 or adiponectin strongly inhibited these increases,
and Dup-697 again abrogated the induction by
adiponectin. The results were very similar with respect
to transcripts for the adipocyte-selective fatty acid–bind-
ing protein aP2.

Adherent bone marrow cell cultures were then pre-
pared with wild-type or heterozygous knockout COX-2+/–

mice under conditions that favored the formation of
numerous fat cells (see Methods). While adiponectin
blocked adipogenesis in cultures of normal C57BL/6
bone marrow cells (data not shown), there was mini-
mum effect on cells derived from COX-2+/– animals (Fig-
ure 5). These results provide strong evidence that
adiponectin directly blocks formation of adipocytes
from fat cell precursors through a mechanism that
requires induction of COX-2.

Discussion
The fat cell product known as adiponectin, Acrp30,
adipoQ, or GBP28 is attracting interest because of its
potential involvement in obesity, diabetes, and cardio-
vascular diseases. It was originally discovered in human
subcutaneous fat tissue, in plasma, and in murine
adipocyte lines, but our understanding of its normal
distribution and biological activities is incomplete. We
now show that adiponectin is present within normal
bone marrow and can inhibit fat cell formation by mar-
row-derived stromal cells through a COX-2–dependent
mechanism. These findings suggest a new mechanism
for regulation of preadipocyte differentiation and pos-
sible roles for fat in hematopoietic tissue.

It is important to stress that all of these experiments
were conducted with two batches of recombinant
adiponectin that were produced by expression in E.
coli and then subjected to protein refolding (see Meth-
ods). A monoclonal adiponectin-specific antibody

neutralized the biological activity (data not shown),
and no responses were recorded using recombinant
GST fusion protein prepared from E. coli. The native
protein has a complex, multimeric structure, and
some groups have found that biological activity is
improved by cleavage of E. coli–produced material, or
by expression in mammalian cells (26, 27). On the
other hand, there is one report that glucose and fatty
acid levels in plasma were reduced by both full-length
and cleaved material that was produced in bacteria
(25). We found that 10 µg/ml concentrations of our
recombinant adiponectin inhibited fat cell formation,
and these amounts correspond to reported physio-
logical levels (22). Our preparations contained multi-
ple species that ranged in size from 34 kDa to 500
kDa (Figure 2b), so it is possible that particular size-
separated fractions would be especially active.

Adipocytes are increasingly regarded as participants
in endocrine processes, producing substances that
range from hormones to cytokines (39). Of particular
interest are feedback mechanisms through which fat
cell products inhibit adipogenesis. Adipocyte products
known to have either direct or indirect inhibitory
potential on adipose tissue include leptin, PAI-1, IFNs,
TNF-α, TGF-β, and PGE2 (11–14). Additional sub-
stances are thought to influence such diverse process-
es as energy metabolism, immune responses, blood cir-
culation, and reproduction (14). We now describe
another fat cell product with the potential to inhibit
fat cell differentiation.

Active hematopoietic marrow is progressively replaced
by fat as part of normal aging (30). Adiponectin was
detected in marrow adipocytes by immunostaining, and
a high local concentration would presumably be able to
prevent further fat cell formation. However, we do not
know if it is actively secreted in that site or indeed how
its release is controlled in other tissues. Animal studies
show that fat cells are required to produce adiponectin,
but do not explain why plasma levels are reduced in
obese individuals (25).

Our data indicate that the COX-2–dependent
prostanoid pathway is important for the suppressive
activity of adiponectin on fat cell formation. The
response of preadipocytes from COX-2+/– mice to
adiponectin was negligible. Poor viability of homozy-
gous COX-2–/– mice precluded their use in our experi-
ments, and adiponectin unresponsiveness of the het-
erozygotes suggests a substantial gene dose effect.
Furthermore, a COX-2 inhibitory compound blocked
the inhibition of fat cell formation in cultures of
cloned preadipocytes. COX-2 is induced in response to
proinflammatory cytokines or hormones, and is a rate-
limiting enzyme in the biosynthesis of PGs. It medi-
ates the conversion of arachidonic acid into PGH2,
which is subsequently converted to various kinds of
PGs by specific synthases (38). PGs appear to con-
tribute to fat cell formation in complex ways. For
example, PGE2 and prostacyclin (PGI2), the two major
PGs synthesized by fat cells (10, 40), appear to have
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Figure 5
Preadipocytes from COX-2+/– mice are resistant to adiponectin. Fat
cells were conspicuous in adherent layers of bone marrow cultures
established from heterozygous COX-2+/– mice, as illustrated with
these phase-contrast photomicrographs. Similar results were
obtained in two independent experiments.



opposing actions on adipogenesis. PGE2 was shown to
negatively regulate fat cell development by reducing
cAMP production (37). Conversely, PGI2 is proposed
as an adipogenic agonist (41). Our data confirm the
inhibitory effect of PGE2 on marrow fat cell differen-
tiation, and further suggest an important contribu-
tion to the inhibitory influence adiponectin has on
adipogenesis. Other PGs that influence fat cell devel-
opment include PGJ2, an important ligand for the adi-
pogenic transcription factor PPAR-γ. This PG pro-
motes adipocyte differentiation (4, 5). In contrast,
PGF2α inhibits the adipogenic differentiation of 
3T3-L1 cells (42). Again, PGs with opposing actions
are synthesized from PGH2, a COX-2 product. In our
hands, the 3T3-L1 line generated fat cells in standard
culture medium where insulin was the only inducing
agent, and this differentiation was minimally affected
by addition of either adiponectin or PGE2 (data not
shown). Comparison of 3T3-L1 cells to adiponectin-
sensitive preadipocytes should be informative about
inducible genes and could reveal functional hetero-
geneity among fat cells in normal tissues.

Two other adipocyte products, agouti and
angiotensin II (AGT II), are known to contribute to obe-
sity (43, 44). Agouti induces fatty acid and triglyceride
synthesis in cultured adipocytes in a calcium
influx–dependent manner (45). AGT II expression is
nutritionally regulated, increasing with high-fat diet
and fatty acids concomitant with fat mass (46).
Adiponectin expression is also affected by diet, but the
direction is contrary to that of AGT II (25). AGT II pro-
motes adipocyte differentiation by stimulating release
of PGI2 from mature adipocytes (41). Thus, PG synthe-
sis appears to play an indispensable role in paracrine
actions of adipocyte products on fat cell differentiation.

There are very interesting parallels and functional
relationships between adiponectin and TNF-α. The
three-dimensional structure of the C-terminal globular
domain of adiponectin is strikingly similar to that of
TNF-α (19). Both molecules are secreted from fat cells,
and both directly inhibit fat cell development. Howev-
er, their physiological levels and actions can be quite dif-
ferent. Plasma levels of adiponectin decrease in obese
individuals, while concentrations of TNF-α are report-
ed to increase and may contribute to insulin resistance
and diabetes (8). In contrast, two recent reports suggest
that adiponectin may be useful for treatment of type II
diabetes (25, 26). Adiponectin inhibits TNF-α produc-
tion in macrophages (29), while TNF-α suppresses
adiponectin expression in adipocytes (20). TNF-α stim-
ulates NF-κB signaling in aortic endothelial cells, lead-
ing to increased expression of adhesion molecules, but
adiponectin inhibits this process (28). Therefore, two
structurally similar proteins appear to have opposing
functions, and defects in this delicate balance may result
in susceptibility to obesity-related diseases.

Much work remains to establish the importance of
adiponectin to normal, steady-state, and disease
processes. Brown fat cells that reside in bone marrow

are potential sources of PGs, sex steroids, and
cytokines that could have a major influence on lym-
phohematopoiesis. It is interesting that while
adiponectin inhibits differentiation of isolated
macrophage progenitors in clonal assays (29), it does
not block myelopoiesis in LTBMCs. On the other
hand, B lymphopoiesis in complex cultures is blocked
by adiponectin through a stromal cell PG-dependent
mechanism (unpublished observations). These find-
ings raise interesting questions about functional rela-
tionships between preadipocyte stromal cells,
adipocytes, and lymphohematopoietic progenitor
cells within bone marrow.

It will also be important to learn whether white fat
located in nonhematopoietic tissues produces PGs in
direct response to adiponectin. It was recently report-
ed that fragments of murine adiponectin decreased
body weights when injected into mice on high-fat,
high-calorie diets (27). The response was thought to
involve increased fatty acid oxidation in muscle, result-
ing in the reduction of plasma fatty acid levels. Our
experiments focused on bone marrow–derived
preadipocytes and showed that they are direct
adiponectin targets. Studies are underway to determine
if lipid accumulation decreases in well-differentiated
marrow fat cells following exposure to this substance.

Stem cells of various kinds are being extensively stud-
ied because of their potential for repairing adult tis-
sues. Some cloned preadipocyte lines derived from
bone marrow have been termed mesenchymal stem
cells because of their extensive self-renewal capacity and
ability to generate multiple cell types (1). Paracrine fac-
tors such as adiponectin that are made by differentiat-
ed stromal cells may contribute to properties that can
be harnessed for therapeutic applications. Our findings
should stimulate additional investigation of adipo-
nectin activities and responsive cell types.
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