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Abstract. Peroxisome proliferator-activated receptor gamma (PPAR�) is a ligand-dependent

nuclear receptor and regulates adipogenesis and fat metabolism. PPAR�  is activated by fatty acid

derivatives and some synthetic compounds such as the thiazolidinediones. In addition, certain

cytokines were known to affect the transactivation function of PPAR� . However, the molecular

mechanism of the functional interaction between PPAR�  and cytokine signaling remains unclear.

We found that combined treatment of PPAR�  and cytokines (IL-1 or TNF-� ) inhibited

adipogenesis and induced osteoblastgenesis in bone marrow-derived mesenchymal stem cells.

Furthermore, we showed that the ligand dependent transactivation function of PPAR�  was

suppressed by IL-1 and TNF-� . This suppression was mediated through NF-�B activated by the

TAK1 /TAB1-NIK cascade, a downstream cascade triggered with IL-1 or TNF-�  signaling.

Thus, we have identified a molecular mechanism of functional cross-talk between PPAR�  and

cytokine signaling that may provide a theoretical basis for development of novel therapeutical

strategies and design of novel compounds for treatment of obesity, diabetes, and some other

chronic diseases.
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Introduction

Peroxisome proliferator-activated receptor gamma

(PPAR�) is a member of the nuclear receptor gene

superfamily and represents an extremely important

target for drug discovery. As it was the case for its

heterodimeric partner (retinoid X receptor: RXR),

PPAR�  was originally discovered (1, 2) as an ‘orphan’

receptor (a protein belonging to the nuclear receptor

superfamily, but without a known ligand). Subsequently,

it has been found that the widely used anti-diabetic

thiazolidinedione (TZD) drugs are ligands for PPAR�

(3), and 15-deoxy-delta(12,14)-prostaglandin J2 was

identified as a endogenous ligand for PPAR�  (4). Practi-

cal significance of PPAR�  ligands for treatment of

diabetes have moved PPAR�  studies to the forefront of

both molecular and clinical therapeutics, and therefore,

it become important to determine the roles of PPAR�

in other major chronic human diseases such as athero-

genesis and carcinogenesis (5).

Moreover, one of the PPAR�  functions is to regulate

adipocyte differentiation (6). Some adipocytes derived

from the bone marrow stem cells have been shown to

possess adipogenic, osteogenic, chondrogenic, myo-

genic, and neurogenic potential in vitro (7, 8). These

cells differentiate into a particular cell type in response

to multiple cell-membrane receptor-mediated signals

and to lipid-soluble ligands of nuclear receptors (Fig. 1).

However, effect of combination of these signaling

pathways on bone marrow stem cell differentiation

remains unclear. We have reported earlier that signaling

pathways of many nuclear receptors cross-talk with

those of cell membrane receptor-mediated signals (9,

10). So, this raises the possibility that the function of

PPAR�  in gene regulation may be modulated by cell-

membrane receptor-mediated signaling.*Corresponding author. FAX: +81-3-5841-8477

E-mail: itakada@iam.u-tokyo.ac.jp
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IL-1 and TNF-a  suppress PPARg -induced adipo-

genesis in the bone marrow

We focused on two cytokines, interleukin (IL)-1 and

tumor necrosis factor (TNF)-� . In vivo, these cytokines

are produced by osteoblastic cells and control osteo-

clastic bone resorption (11, 12). Both IL-1 and TNF�

activate various intracellular signal transducers, includ-

ing nuclear factor (NF)-�B. IL-1 and TNF-�  are also

known to suppress both in vivo and in vitro adipogenesis

(13). Therefore, we examined whether these cytokines

are able to inhibit transcriptional function of PPAR�

and PPAR�-induced adipogenesis. Consistent with the

results in earlier reports (13), we have found that adipo-

genesis in ST2 cells, a mesenchymal cell line derived

from mouse bone marrow (14), can be induced by

treatment with a synthetic PPAR�  ligand, troglitazone

(Tro). This adipogenesis was prevented by the presence

of IL-1 and TNF-�  in the media (Fig. 2A).

Consequently, ST2 cells treated with Tro and the

cytokines differentiated into osteoblasts, indicating a

switch of cytodifferentiation from adipogenesis into

osteoblastgenesis (Fig. 2B). This finding of the cytokine

inhibitory action on the adipogenesis in the ST2 cells

suggested that the ligand-induced transactivation func-

tion of PPAR�  might be suppressed by these cytokines.

The inhibitory actions of cytokines on the PPARg

function is mediated by the TAK1 /TAB1-NIK-NFkB

pathway

To investigate whether the transactivation function of

PPAR�  was attenuated by cytokines, we first examined

whether cytokine treatment over a short period of time

(12 h) caused a reduction in the transactivation function

of PPAR� . The ligand-dependent transactivation func-

tion of PPAR�  was markedly suppressed in ST2 cells by

treatment with either IL-1 or TNF-�  (Fig. 3A). As the

cell membrane receptor for IL-1 and TNF-�  trigger a

number of known downstream signaling cascades (12),

we examined the activity of several downstream signals

by reporter expression assay. We found that TAK1

(transforming growth factor-beta-activated kinase 1)

(15, 16); a MAP kinase kinase kinase (MAP3K); and

TAB1 (TAK1-binding protein) (17), which is an acti-

vator of TAK1, suppressed the transcactivation function

of PPAR�  (Fig. 3A, lane 6). Consistent with these results,

the use of a kinase-negative mutant of TAK1 (K63W)

abrogated the suppressive effect of TAK1 /TAB1, TNF-

� , and IL-1 on PPAR�  transactivation function (Fig. 3A,

lanes 8 – 10).

Next we examined the activity of downstream signals

of TAK1 /TAB1 and found that NIK (NF-�B-inducing

kinase) (18), activated via phosphorylation by TAK1

/TAB1, suppressed the function of PPAR�  (Fig. 3B,

lane 9). A dominant negative form of NIK (629-947)

abrogated the suppressive effects of TAK1 /TAB1

induced by IL-1 or TNF-�  treatment of ST2 cells

(Fig. 3B, lane 10). Moreover, adipogenesis in the cell

lines expressing the dominant-negative NIK mutant

(629-947) remained Tro-sensitive, indicating that this

NIK mutant failed to suppress the PPAR�  transacti-

vation.

We have also found that both IKK-�  (I kappa B

kinase-� ) (19) and IKK-�  (20), which are downstream

of NIK and activate NF-�B, suppressed the ligand-

dependent transactivation function of PPAR�  (Fig. 3C,

lanes 3 and 4). NF-�B (p65 /p50) alone was also able

to effectively suppress the ligand-dependent transacti-

vation function of PPAR�  in ST2 cells (Fig. 3C, lane 5).

Using a co-immunoprecipitation assay with antibodies

against PPAR� , p50, and p65, an association between

the endogenous NF-�B complex and PPAR�  was

observed in ST2 cells, but only when the cells were

treated with either TNF-�  or IL-1 (Fig. 3D). By assess-

ing the DNA binding activity of PPAR� /RXR�  hetero-

dimer by electrophoretic gel mobility shift assay

(EMSA), we found that treatment with either cytokine

and the overexpression of downstream factors and

NF-�B caused significant reduction in the DNA binding

activity of PPAR� /RXR�  heterodimers to a consensus

DNA response element (acyl-CoA-PPRE), suggesting

direct association of PPAR� /RXR�  with NF-�B in the

nucleus. The direct association was further confirmed by

interaction of in vitro translated proteins and glutathiore-

S-transferase (GST)-fusion proteins. Futhermore, DNA

binding of PPAR� /RXR�  was inhibited by NF-�B or

p65 alone (Fig. 3E), and the DNA binding C domain of

PPAR�  was mapped as a p65 interacting region, while

the Rel-homology region (49-298) in p65 (21) appeared

to directly interact with PPAR� .

PPARg  coactivator is involved in PPARg-NF-kB

complex

We then studied the molecular mechanism of the

NF-�B recruitment to PPAR�  in the bone marrow cell

nuclei with a number of potential coactivators and

corepressors for PPAR� . No direct association of NF-

�B with either p160 family proteins (SRC-1 /TIF2

/AIB1) (22), DRIP205 /TRAP220 (23), or NCoR /SMRT

(24, 25), was detected. However, we found that PGC-2

(PPAR gamma coactivator-2), a PPAR�  AF-1-specific

co-activator (26), was associated with endogenous

NF-�B activated by IL-1 and TNF-� . This cytokine-

induced interaction was detected when the complex was
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Fig. 1. Diagramatic depiction of bone marrow-derived mesenchymal stem cell differentiation paradigm and related signals.

MyoD, myoblast determination; CBFA1, core binding factor alpha 1; SOX-9, SRY box-9; BMP, bone morphogenic protein;

TGF� , transforming growth factor-� .

Fig. 2. Inhibitory effects of IL-1 and TNF-�  on the troglitazone-induced adipogenesis. A: Weak treatment (for 1 week) using

the synthetic PPAR�  ligand troglitazone (Tro) adipogenesis of ST2 cells (d, e, f). The presence of either IL-1 or TNF-�  prevented

ligand-induced adipogenesis (b, c, e, f). Differentiated adipocytes were detected by accumulated lipid stained red by Oil-Red O

staining. B: Combined treatment of cytokines and troglitazone induces osteoblastgenesis in ST2 cells. Cells were treated with

cytokines and troglitazone as in panel A, and differentiated osteoblasts were stained by alkaline phosphatase.

Fig. 4. Schema of the proposed molecular mechanism of adipogenesis inhibition by TNF-�  and IL-1 through suppression of

PPAR�  function by NF-�B activated via the NIK-TAK1 /TAB1-mediated cascade.
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sequentially immunoprecipitated with PGC-2, then with

PPAR� , suggesting that NF-�B associates with PGC-2

bound PPAR� . Direct interaction of PGC-2 with either

NF-�B or PPAR�  was further demonstrated in a GST-

pull down assay (Fig. 3F). These findings suggest that in

the nucleus, NF-�B is recruited to PPAR�  through direct

association with PGC-2, forming a tripartite molecular

complex, resulting in the inhibition of PPAR�  DNA

binding.

Fig. 3. TAK1 /TAB1 /NIK mediates suppression of PPAR�  function, and NF-�B prevents DNA binding by the PPAR� /RXR�

heterodimer. A: Troglitazone (Tro)-induced transactivation function of PPAR�  was suppressed by IL-1 or TNF-�  and

TAK1 /TAB1, a downstream signal inducer of IL-1 and TNF-�  signaling. ST2 cells were transfected with the indicated

expression vectors along with the mouse acyl-CoA oxidase-PPRE-tk–luciferase reporter plasmid, and further incubated for 16 h

with the indicated cytokines in the absence or presence of cognent ligand. Similar results were obtained using 293T cell lines

(data not shown). B: Suppression of PPAR�  function by NF-�B-inducing kinase (NIK) that acts downstream of TAK1 /TAB1.

NIK (629-947) is a dominant-negative form of NIK. C: PPAR�  function was suppressed by NIK-activated IKK-� , IKK-� , and

NF-�B. The indicated expression vectors of signal inducers downstream of NIK were transfected to ST2 cell lines. D: NF-�B

associates with PPAR�  in the nucleus. Endogenous liganded PPAR�  and endogenous NF-�B complex were coimmuno-

precipitated with the indicated p65 or p50 antibodies following Western blotting. Cytokine treatment induced association of

PPAR�  with NF-�B complex in the nucleus. E: Suppression of PPAR�  DNA binding by NF-�B in vitro. In vitro translated

p50, p65, PPAR� , and RXR�  were used for EMSA (Electro Mobility Shift Assay). F: Interaction of PGC-2 with either NF-�B

(p50, p65) or PPAR�  was examined by a GST pull-down assay.
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Conclusion

Our results indicate that suppression of PPAR�

function by IL-1 or TNF-�  leads to increased sensitivity

of mesenchymal stem cells to other cytodifferentiation

factors and to development of cell types other than

adipocytes, such as osteoblasts and osteoclasts (27).

Previous reports showed that the activated PPAR�

signaling in the progenitor cells of monocyte /macro-

phage lineage inhibits osteoclastogenesis through the

suppression of NF-�B function (28, 29). In the nucleus,

NF-�B appears to directly interact with the DNA

binding domain of PPAR� , as well as with PGC-2 bound

AF-1 A /B domain, resulting in the blocking of DNA

binding of PPAR� /RXR heterodimers to target gene

promoters. Moreover, as the functional interaction

between PPAR�  AF-1 domain and PGC-2 has been

shown to play a significant role in fat cell differentiation

(26), the interaction with NF-�B may interfere with

their adipogenic function. It also appears that complexes

formed by ligand-bound PPAR� , NF-�B, PGC-2, and

possibly some other unknown factors lead to a mutual

inactivation of both transcriptional factors, probably

through suppression of their function (Fig. 4). Identifica-

tion of associated proteins would lead to better under-

standing of coupled transcriptional regulation by distinct

classes of transcriptional factors in the same complex

and may provide insight for development of novel

strategies for therapeutical modulation of their activity.
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