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IL-4 is a pleiotropic immune cytokine secreted by activated TH2 cells
that inhibits bone resorption both in vitro and in vivo. The cellular
targets of IL-4 action as well as its intracellular mechanism of action
remain to be determined. We show here that IL-4 inhibits receptor
activator of NF-kB ligand-induced osteoclast differentiation
through an action on osteoclast precursors that is independent of
stromal cells. Interestingly, this inhibitory effect can be mimicked
by both natural as well as synthetic peroxisome proliferator-
activated receptor g1 (PPARg1) ligands and can be blocked by the
irreversible PPARg antagonist GW 9662. These findings suggest
that the actions of IL-4 on osteoclast differentiation are mediated
by PPARg1, an interpretation strengthened by the observation that
IL-4 can activate a PPARg1-sensitive luciferase reporter gene in
RAW264.7 cells. We also show that inhibitors of enzymes such as
12y15-lipoxygenase and the cyclooxygenases that produce known
PPARg1 ligands do not abrogate the IL-4 effect. These findings,
together with the observation that bone marrow cells from 12y
15-lipoxygenase-deficient mice retain sensitivity to IL-4, suggest
that the cytokine may induce novel PPARg1 ligands. Our results
reveal that PPARg1 plays an important role in the suppression of
osteoclast formation by IL-4 and may explain the beneficial effects
of the thiazolidinedione class of PPARg1 ligands on bone loss in
diabetic patients.

The skeleton is renewed throughout life as a result of the
coupled actions of two cell types, the bone-resorbing

osteoclast and the bone-forming osteoblast (1). Although
resorption and formation are generally in balance, excessive
osteoclast formation, activity, or survival is capable of over-
whelming bone formation. These situations occur as a result of
age, sex hormone status, or cancer or in conjunction with a
variety of diseases associated with activation of the immune
system and often lead to either local or systemic bone loss and
eventually osteoporosis (2, 3).

Osteoclasts are derived from the monocyte-macrophage lin-
eage under the influence of local factors that include granulo-
cyteymacrophage colony-stimulating factor (GM-CSF), macro-
phage colony-stimulating factor (M-CSF), and receptor activator
of NF-kB ligand (RANKL), as well as proinflammatory cyto-
kines such as IL-1, IL-6, and tumor necrosis factor (TNF) (4).
The most important of these is RANKL, a TNF-like molecule
that together with M-CSF is essential for osteoclast differenti-
ation and function (5). The importance of RANKL in osteoclast
differentiation is highlighted in RANKL-deficient mice, which
reveal an absence of osteoclasts and the appearance of osteo-
petrosis (6). RANKL is produced predominantly as a
membrane-bound protein by stromal cells, osteoblasts, and
lymphoid cells in response to a variety of factors that include
vitamin D, parathyroid hormone, and prostaglandin E2 (5).
Although RANKL expression is essential for normal osteoclast
differentiation, its production from activated T cells may be
responsible for the osteolytic bone loss associated with arthritis
and diseases of the immune system (7).

The process of osteoclastogenesis can be inhibited by systemic
factors such as the sex steroids and local factors including
cytokines, g-interferon, and certain prostaglandins (8, 9). IL-4 is
a pleiotropic immune cytokine secreted from activated TH2
lymphocytes that regulates the growth, activity, and survival of
certain cells of the lymphoid lineage (10). IL-4 also modulates
macrophage function, regulating the expression of proinflam-
matory cytokines such as IL-1, TNF-a, and IL-6 (11), as well as
other genes integral to macrophage activity (12). Interestingly,
IL-4 also inhibits bone resorption both in vitro and in vivo
(13–15). This activity is likely manifested through its ability to
inhibit the expression of inflammatory cytokines such as IL-1,
TNF, and RANKL from adjacent cells that modulate osteoclast
production, activity, and life span (15). A direct action by IL-4
on osteoclast precursors also has been hypothesized (14, 16). We
show herein that IL-4 can suppress RANKL-induced osteoclast
differentiation through direct action on monocyteymacrophage
precursors that is independent of supportive cells. We also show
that this effect is mediated via peroxisome proliferator-activated
receptor g1 (PPARg1). The ability of PPARg1 to suppress
osteoclast differentiation may explain the antiresorptive effects
of the thiazolidinedione class of PPARg1 ligands on bone loss
observed in diabetes.

Materials and Methods
Materials. a-MEM and DMEM were purchased from Life Tech-
nologies (Grand Island, NY). Murine M-CSF was obtained from
R & D Systems. Human RANKL (residues 137–316) cDNA was
expressed and purified as described (17). Murine IL-4 was
purchased from PharMingen. 15(S)-Hydroxyeicosatetraenoic
acid [15(S)-HETE] and ibuprofen were obtained from Cayman
Chemicals (Ann Arbor, MI). Ciglitazone was obtained from
Biomol (Plymouth Meeting, PA). 15-Deoxy-D12,14 prostaglandin
J2 (15d-PGJ2) was acquired from Calbiochem. The PPARg1
antagonist GW 9662 was provided by Glaxo Wellcome. Other
chemicals were purchased from Sigma.

Cell Culture. Bone marrow cells from normal (C57BLy6) and
12y15-lipoxygenase (12y15-LO) heterozygous and homozygous
null female mice (18) were cultured for 24 h in a-MEM with 10%

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: BMs, bone marrow monocytes; M-CSF, macrophage colony-stimulating
factor; GM-CSF, granulocyteymacrophage colony-stimulating factor; TNF, tumor necrosis
factor; RANKL, receptor activator of NF-kB ligand; PPARg1, peroxisome proliferator acti-
vated receptor g1; 12y15-LO, 12y15-lipoxygenase; 15d-PGJ2, 15-deoxy-D12,14 prostaglandin
J2; AOx, aryl CoA oxidase; 15(S)-HETE, 15(S)-hydroxyeicosatetraenoic acid; TRAP, tartrate-
resistant acid phosphatase.

§To whom reprint requests should be addressed at: Department of Molecular and Cellular
Physiology, University of Cincinnati, 231 Bethesda Avenue, Cincinnati, OH 45267. E-mail:
wes.pike@uc.edu.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

www.pnas.orgycgiydoiy10.1073ypnas.041493198 PNAS u February 27, 2001 u vol. 98 u no. 5 u 2443–2448

CE
LL

BI
O

LO
G

Y



FBS. Nonadherent cells were isolated and enriched as described
(17). The murine monocytic cell line RAW264.7 was cultured in
phenol red-free a-MEM supplemented with 10% charcoal-
stripped FBS.

Characterization and Quantitation of Osteoclast-like Cells. Primary
bone marrow monocytes (BMs) (1 3 105 cells per well) or RAW
264.7 cells (2 3 103) were cultured in 48-well plates with the
indicated factors added at day 0 and during a medium change on
day 3. Osteoclast formation was assessed by counting multinu-
cleated (.3 nuclei), tartrate-resistant acid phosphatase
(TRAP)-positive cells present on day 10 (BMs) or day 5
(RAW264.7) (17).

Nonspecific Acid Esterase Staining for Macrophages. Marrow
cells were incubated with a-naphthylacetate in the presence of
freshly formed diazonium salt (Sigma), fixed with a citrate-
acetone-formaldehyde solution, and then counterstained with
hematoxylin.

Detection of PPARg1 Transcripts. Total RNA was extracted from
BMs and RAW264.7 cells with Tri Reagent (Molecular Re-
search Center, Cincinnati) and used to prepare cDNA. cDNA
was amplified with the use of specific primers for mouse
PPARg1 (19) or mouse glyceraldehyde-3-phosphate dehydro-
genase (19). DNA fragments of 412 and 414 nt, respectively,
were visualized with the use of ethidium bromide.

Western Blot Analysis of PPARg1 Protein. Enriched marrow cells
were stimulated for 48 or 72 h with 10 or 100 ngyml of M-CSF.

Nuclear protein was evaluated by Western analysis with an
anti-PPARg1 antibody obtained from Santa Cruz Biotechnol-
ogy (17).

Electrophoretic Mobility-Shift Assay. Nuclear extracts were isolated
from RAW 264.7 cells treated with factors as described (17). An
electrophoretic mobility-shift assay was performed in 20 mM
TriszHCl (pH 7.6), 20% glycerol, 1 mg poly d(I-C), 1 mM DTT,
and 1 ng of g-32P-ATP-labeled NF-kB consensus sequence.
Protein samples (10 mg) were incubated at 22°C for 20 min with
or without anti-p65 antibody and subjected to standard electro-
phoretic mobility-shift assay procedures.

Transfections. pCMV-PPARg1 and the luciferase reporter genes
pTK-luc and pAOx-TK-luc have been described (20). The latter
contains three copies of the PPAR response element from the
aryl CoA oxidase (AOx) gene promoter. RAW264.7 cells were
seeded in 6-well plates at a density of 7.5 3 105 per well and
transfected with a total of 2 mg of DNA with the use of
Lipofectamine Plus (GIBCO). Cells then were cultured for 18 h
in medium containing 0.5% charcoal-stripped serum and the
indicated growth factorsycytokines andyor ligands. Cells were
harvested, lysed, and evaluated for both luciferase and b-galac-
tosidase activities. Transfection efficiency was normalized with
the use of a pCMV-b-gactosidase expression vector.

Results
IL-4 Suppresses RANKL-Induced Osteoclast Formation from Murine
Monocytes. Treatment of isolated murine BMs with soluble
human RANKL (30 ngyml) and murine M-CSF (10 ngyml)

Fig. 1. IL-4 suppresses M-CSFyRANKL-induced osteoclast formation in both murine BMs and RAW264.7 cells. (A) BMs were treated with M-CSF (M) (10 ngyml)
or M-CSF plus RANKL (RL) (30 ngyml) in the absence or presence of IL-4 (1 ngyml) for 10 days, stained for TRAP, and photographed at 320. (B) BMs (1 3 105 cells
per well) and RAW264.7 cells (2 3 103 cells per well) were plated in triplicate and induced with M-CSFyRANKL in the absence or presence of increasing amounts
of IL-4. Multinucleated (more than three nuclei), TRAP-positive osteoclasts were quantitated after 10 days (BMs) or 5 days (RAW264.7). Mean 6 SE, n 5 3. (C)
IL-4 treatment suppresses osteoclastogenesis and results in enhanced macrophage formation in BMs. BMs were treated with the indicated factors for 10 days
and then fixed and stained for a-naphthylacetate esterase.
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results in numerous multinucleated, TRAP-positive osteoclasts
(Fig. 1A). These cells express both vitronectin (aVb3) and
calcitonin receptors and form resorption lacunae when plated on
synthetic bone discs (17). We therefore treated cells with
RANKL and M-CSF (RANKLyM-CSF), plus increasing con-
centrations of IL-4 and quantitated multinucleated (more than
three nuclei), TRAP-positive osteoclasts on day 10. IL-4 signif-
icantly suppressed osteoclast formation at concentrations be-
tween 0.1 and 5 ngyml (Fig. 1 A and B). Although IL-4 treatment
did not inhibit cellular proliferation, it did appear to induce a
more differentiated macrophage phenotype, as assessed both
morphologically and enzymatically with the use of a-naphthyl-
acetate staining (Fig. 1C). These results reveal that IL-4 can
selectively inhibit RANKL-induced osteoclast formation
through an action independent of supportive cells.

IL-4 Suppresses RANKL-Induced Osteoclast Formation from RAW264.7
Cells. We also investigated the effects of IL-4 in the murine
macrophagic cell line RAW264.7, a previously established model
of osteoclast differentiation (17). IL-4 also suppressed RANKLy
M-CSF-induced osteoclast formation in this line (Fig. 1B). The
efficiency of suppression was somewhat less than that observed
with BMs, however, even at concentrations as high as 5 ngyml.
This lower efficiency of suppression suggests a possible defi-

ciency in the IL-4 signaling pathway in RAW264.7 cells relative
to BMs. The clonal nature of this line, however, establishes
unequivocally that osteoclast precursors are direct cellular tar-
gets of IL-4.

Osteoclast Formation Is Suppressed by PPARg1 Agonists and Reversed
in the Presence of GW 9662. Recent studies suggest that IL-4 may
regulate cellular function in macrophages by stimulating the
production of PPARg1 ligands (17, 21). Because osteoclasts are
derived from monocyte-macrophage precursors, the above ob-
servations raise the possibility that IL-4 might function through
PPARg1. We tested this hypothesis by first determining whether
known PPARg1 ligands could suppress RANKL-induced oste-
oclast formation. Whereas differentiation was strongly induced
by RANKLyM-CSF in BMs and in RAW264.7 cells, both the
PPARg1 ligand 15d-PGJ2 (22) and the thiazolidinedione cigli-
tazone (23) exerted a dose-dependent inhibition (Fig. 2 A and B).
An additional natural PPARg1 ligand, 15(S)-HETE (12), also
suppressed osteoclast formation in both cell types, whereas
WY-14643, a PPARa-activating ligand (24), had no effect (data
not shown). Importantly, suppression by these ligands was
reversed in a concentration-dependent fashion with GW 9662, a
selective and irreversible inhibitor of PPARg1 (12, 25) [Fig. 2C;
15(S)-HETE and ciglitazone shown]. Osteoclasts formed in the
presence of GW 9662 were morphologically indistinguishable
from those induced by RANKLyM-CSF alone. Identical results
were observed when RAW264.7 cells were used as precursors
(data not shown). Interestingly, the PPARg1 agonists blocked
RANKLyM-CSF-induced osteoclast formation in RAW264.7
cells more efficiently than did IL-4. These experiments demon-
strate that ligand-activated PPARg1 can efficiently mimic the
effects of IL-4 in both BMs and RAW264.7 cells.

PPARg1 Is Expressed in Both BMs and RAW264.7 Cells. The ability of
PPARg1 ligands to elicit a biological response reversible by GW
9662 suggests the involvement of PPARg1. We confirmed the
expression of PPARg1 in these cells with the use of both reverse
transcription–PCR and Western blot analyses (Fig. 3). Interest-
ingly, although PPARg1 transcripts were induced in BMs after
treatment with IL-4, M-CSF, and GM-CSF as reported (12, 26),
these factors had no effect in RAW264.7 cells (Fig. 3A). M-CSF
increased not only the level of PPARg1 transcripts in BMs, but
the protein level as well (Fig. 3B). These results, together with

Fig. 2. Ciglitazone and 15d-PGJ2 act via PPARg to suppress M-CSFyRANKL-
induced osteoclast formation in primary murine myeloid (BMs) and RAW264.7
cells. (A) BMs were plated in triplicate at 105 cells per well and treated with
M-CSFyRANKL in the presence of vehicle (ethanol or DMSO), ciglitazone (1–30
mM), or 15d-PGJ2 (PGJ2) (1–30 mM) for a period of 7–10 days, and then
multinucleated (more than three), TRAP-positive osteoclasts were quanti-
tated. (B) RAW264.7 cells were plated in triplicate at 2 3 103 cells per well and
treated as in A. Multinucleated, TRAP-positive osteoclasts were quantitated
after 5 days. (C) The PPARg1 antagonist GW 9662 prevents ciglitazone- and
15(S)-HETE-induced suppression of osteoclast formation in BMs. Cells were
incubated with M-CSFyRANKL and either vehicle, ciglitazone (30 mM) or
15(S)-HETE (30 mM), in the presence of increasing concentrations of GW 9662.
Mean 6 SE, n 5 3 (b, c, and d are significant vs. a at P , 0.05).

Fig. 3. Detection of PPARg in BM and RAW264.7 cells. (A) Regulation of
PPARg1 mRNA by GM-CSF, M-CSF, and IL-4 in BMs but not in RAW264.7 cells.
BMs and RAW264.7 cells were cultured in the absence or presence of one of
the following cytokines for 24 h: vehicle (lane 1); mGM-CSF (10 ngyml, lane 2),
M-CSF (10 ngyml, lane 3), or IL-4 (10 ngyml, lane 4). Total RNA was isolated,
treated with DNase, and subjected to reverse transcription–PCR analysis. (B)
Detection of PPARg1 protein. BMs were incubated untreated (lane 1) or were
treated with 10 ngyml M-CSF for 48 h (lane 2) or 72 h (lane 3) or with 100 ngyml
M-CSF for 48 h (lane 4) or 72 h (lane 5), and nuclear extracts (75 mg) were
evaluated by Western analysis.
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those obtained with the PPARg1 agonists and GW 9662, suggest
that PPARg1 is the mediator of osteoclast suppression.

GW 9662 Blocks IL-4 Suppression of Osteoclast Formation. To test the
hypothesis that IL-4 might function through PPARg1, we treated
both BMs and RAW264.7 cells with RANKLyM-CSF and IL-4
in the presence of the PPARg1 antagonist GW 9662 and assessed
osteoclast number on day 10. GW 9662 clearly blocked the ability
of IL-4 to suppress RANKLyM-CSF-induced osteoclastogenesis
in BMs in a dose-dependent fashion (Fig. 4). Identical results
were obtained with RAW264.7 cells (data not shown). The
concentrations of GW 9662 required for inhibition (,1 mM)
were well within the range of isoform selectivity for the PPARg1
(12, 25). Interestingly, GW 9662 was unable to reverse the IL-4
activity evident at 1 ngyml. This failure to reverse the IL-4
activity suggests an additional complexity to the ability of IL-4
to suppress osteoclast formation at the higher concentrations.
Alternatively, dissimilar kinetic andyor clearance rates of IL-4
and the antagonist could be involved, inasmuch as the stage at
which IL-4 exerts its effect on these cells during differentiation
is unclear. Nevertheless, the ability of GW 9662 to block
inhibition of osteoclast formation by IL-4 suggests that the latter
functions, at least in part, via PPARg1.

IL-4 and 15d-PGJ2 Activate a PPARg1-Responsive Luciferase Reporter.
Based on the above result, we assessed the capacity of IL-4 to
stimulate transcription of a PPARg1-sensitive reporter gene

(pAOx-TK-luc) (12) in RAW264.7 cells. IL-4 induced a signif-
icant concentration-dependent 5-fold increase in the activity of
pAOx-TK-luc (Fig. 5B), an activity that was not evident in the
pTK-luc control plasmid (Fig. 5A). 15d-PGJ2 also stimulated
reporter gene activity as expected (Fig. 5B). Furthermore,
cointroduction of a PPARg1 expression vector increased the
magnitude of the pAOx-TK-luc reporter gene response to IL-4
(Fig. 5B). These results are consistent with a PPARg1-mediated
action of IL-4 on osteoclast differentiation.

IL-4 Inhibits RANKL Activation of NF-kB. Osteoclast differentiation
involves activation of NF-kB (5). This requirement is highlighted
in mice deficient for both the p50 and p52 subunits of NF-kB
(27). Because RANKL is a strong inducer of NF-kB, we exam-
ined the possibility that IL-4 might function to block RANKL
activation of NF-kB and thus prevent osteoclast formation.
Treatment of RAW264.7 cells with RANKL for 30 min led to a
clear activation of NF-kB, as assessed by DNA binding (Fig. 6).
PPARg1 ligands 15d-PGJ2 and ciglitazone also efficiently sup-
pressed NF-kB activation by RANKL, an effect in the case of
15d-PGJ2 that was reversible with GW 9662 (Fig. 6). Impor-
tantly, IL-4 also suppressed RANKL-induced activation of
NF-kB (Fig. 6). This suppression was not blocked, however, with
GW 9662. This lack of effect of GW 9662 supports the idea that
IL-4 might function in part to induce the synthesis of PPARg1-
activating ligands, an action unlikely during the 30-min stimu-

Fig. 5. IL-4 induces activation of PPARg1-mediated transcription in
RAW264.7 cells. (A) RAW264.7 cells were transfected with pTK-luc and stim-
ulated with either vehicle, IL-4 (1 ngyml) or 15d-PGJ2 (PGJ2) (0.5 mM) in the
presence of 0.5% serum. (B) RAW264.7 cells were transfected with pAOx-TK-
luc without or with pCMX-PPARg1 (10 ng) and stimulated with IL-4 or 15d-PGJ2

(PGJ2) as indicated. Mean 6 SE, n 5 3 (b, e, and f are significant vs. a, and d is
significant vs. c at P , 0.05).

Fig. 6. IL-4 and PPARg ligands suppress RANKL-dependent activation of
NF-kB. RAW264.7 cells (2.5 3 106 cells per plate) were pretreated for 30 min
with IL-4 (1 ngyml), 15d-PGJ2 (PGJ2) (0.5 mM), ciglitazone (CIG) (10 mM), andyor
GW 9662 (1 mM) as indicated and then treated for 30 min with RANKL (100
ngyml). Electrophoretic mobility-shift assay was carried out as indicated in
Materials and Methods. Lane 1 represents the free probe. The NF-kB specific
DNA complexes and supershifted NF-kB are indicated by the arrows.

Fig. 4. IL-4 suppresses M-CSFyRANKL-induced osteoclast formation in BMs.
(A) BMs were treated with M-CSF (10 ngyml) and RANKL (30 ngyml) in the
absence or presence of IL-4 (1 ngyml) for 10 days, stained for TRAP, and
photographed at 320. (Upper) Cells that have been cultured in the absence
(Left) or presence (Right) of 1 ngyml IL-4. (Lower) Cells that have been cultured
in the presence of 0.5 ngyml IL-4 in the absence (Left) or presence (Right) of the
PPARg1 antagonist GW 9662 (2 mM). (B) BMs (1 3 105 cells per well) were
plated in triplicate and induced with M-CSFyRANKL in the absence (F, ■,Œ) or
presence of IL-4 (h, 1 ngyml; E, 0.5 ngyml; ‚, 0.1 ngyml) and increasing
amounts of GW 9662 (0, 0.1, 1 and 2 mM). Multinucleated (more than three
nuclei), TRAP-positive osteoclasts were quantitated after 10 days. Mean 6 SE,
n 5 3.
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lation period. These results support an obligate linkage between
IL-4 action and PPARg1, but also suggest additional PPARg1-
independent complexity in the action of IL-4.

BMs from 12y15-LO Null Mice Retain Sensitivity to IL-4. The ability of
IL-4 to regulate macrophage function involves the stimulation of
PPARg1 expression and up-regulation of natural PPARg1 li-
gands such as 15(S)-HETE (12) or perhaps the cyclopentenone
prostaglandin PGD2 (22). The former is derived from arachi-
donic acid through the synthetic activity of 12y15-LO, a lipid-
peroxidating enzyme induced by IL-4 in monocytes and macro-
phages (18, 21). PGD2 is produced in turn via cyclooxygenase
activation (22). To assess the contribution of the 12y15-LO
pathway in this system, we examined the ability of IL-4 to
suppress osteoclast formation in BMs derived from 12y15-LO
heterozygous and homozygous null mice (18). As observed in
Fig. 7A, whereas the 12y15-LO null mice exhibited a significant
increase in the number of osteoclasts over heterozygous controls,
osteoclast formation in BMs from both mice appeared to be
equally sensitive to suppression by IL-4, particularly at concen-
trations below 1 ngyml. In addition, neither nordihydroguai-
aretic acid nor caffeic acid, inhibitors of 12y15-LO and 5-LO,
respectively, was able to reverse the effects of IL-4 (data not
shown). Finally, the cyclooxygenase inhibitor ibuprofen also had
no effect on IL-4 action (Fig. 7B). Importantly, although ibu-
profen may function as a PPARg1 agonist, no such activity was
observed in this experiment. These data suggest that
the PPARg1 ligand(s) responsible for inhibition of osteo-
clast formation is not synthesized by 5-LO, 12y15-LO, or the
cyclooxygenases.

Discussion
IL-4 is a pleiotropic TH2 lymphocyte-derived cytokine (10). In
addition to the activity of IL-4 on lymphoid cells and its ability
to regulate macrophage differentiation and function, IL-4 also
functions to block bone resorption (13–15). This effect likely
results from the cytokine’s dual ability to suppress the produc-
tion of osteoclastogenic cytokines such as IL-1, TNF-a, and IL-6

from regulatory cells and to limit the production of functional
osteoclasts, as observed here. Recent experiments suggest that
the latter activity may be due to a direct action on osteoclast
precursors (16). Our studies unequivocally confirm this hypoth-
esis both in monocytes and particularly in RAW264.7 cells, a
clonal cell line free of potential stromal cell contaminants. We
also show, with the use of both selective agonists and the
PPARg1-specific antagonist GW 9962, that the inhibitory ac-
tions of IL-4 are mediated, at least in part, via PPARg1. These
studies support the idea that inhibition of bone resorption by
IL-4 may be due to the cytokine’s capacity to inhibit osteoclast
formation directly through the activation of PPARg1.

IL-4 is known to regulate cellular functions through stimula-
tion of the IL-4 receptor complex and activation of Stat6 (28).
Thus the finding that IL-4 also activates PPARg1 and that this
factor regulates osteoclast formation as well is surprising. The
mechanism through which PPARg1 mediates this activity is
unknown. However, PPARg1 regulates gene expression as a
retinoid X receptor heterodimer through direct binding to
PPAR response elements located within the promoter region of
PPARg1-sensitive genes such as CD36 (29). Under these cir-
cumstances, synthetic retinoid X receptor-selective ligands such
as LG268 can potentiate the biologic activities of activated
PPARg1 (30). LG268 did not potentiate the suppressive effects
evident here with either IL-4 or the PPARg1 ligands (data not
shown). This observation raises the possibility that the inhibitory
actions of PPARg1 on osteoclast differentiation do not involve
direct DNA binding, but rather occur through the ability of
PPARg1 to interfere with the activation or downstream activity
of transcription factors essential for RANKL-mediated oste-
oclastogenic events.

Our studies demonstrate that both IL-4 and PPARg1 ligands
such as 15d-PGJ2 and ciglitazone suppress RANKL-induced
NF-kB DNA binding. Activation of this transcription factor is
essential to osteoclast formation, based on the complete loss of
osteoclast production and concomitant osteopetrosis observed
in p50yp52 null mice (27). The findings herein are consistent
with a previous observation made with 15d-PGJ2 alone (16).
Only the present work with selective PPARg1 agonists and the
antagonist GW 9662 demonstrates an unequivocal involvement
of PPARg1, however, because 15d-PGJ2 can directly inhibit IkB
kinase through an action independent of PPARg1 (31). Recent
studies using macrophages derived from PPARg-deficient em-
bryonic stem cells suggest that the thiazolidinedione class of
compounds exhibits PPARg-independent actions as well (32,
33). Interestingly, although RANKL-induced activation of
NF-kB was also suppressed by IL-4, GW 9662 was unable to
reverse this effect. This result is perhaps not surprising because
30 min of acute treatment with IL-4 is unlikely to be a sufficient
period of time to induce the synthesis of an enzyme(s) respon-
sible for the production of PPARg1-activating ligands. More
importantly, the ability of IL-4 to suppress RANKL-induced
NF-kB activation in the absence of PPARg1 clearly suggests that
factors other than the latter protein regulator may be involved.
Regardless, these experiments indicated that suppression of
RANKL-induced, NF-kB-mediated events essential for oste-
oclast differentiation may be central to the mechanism of action
of IL-4.

Stat6 likely represents an additional factor integral to IL-4
action. Indeed, recent preliminary studies indicate that the
activity of Stat6 is essential for IL-4-mediated suppression of
RANKL-induced osteoclast formation.¶ The exact role of Stat6
remains to be determined, however. Stat6 could inhibit either
the activation or transactivation capabilities of NF-kB or both.

¶Riechers, C., Huelsmann, A. & Abu-Amer, Y. (2000) J. Bone Miner. Res. 15, Suppl. 1, S182
(Abstr.).

Fig. 7. 12y15-LO and COX-1yCOX-2 are not required for IL-4 action. (A) BMs
were isolated from mice heterozygous (1y2) or homozygous (2y2) for the
12y15-lipoxygenase null allele, plated in triplicate (1 3 105 cells per well), and
induced with M-CSFyRANKL in the absence or presence of increasing amounts
of IL-4 (0.1, 1, and 10 ngyml). Multinucleated (more than three nuclei),
TRAP-positive osteoclasts were quantitated after 10 days. (B) BMs from normal
mice were treated for 10 days with M-CSFyRANKL, IL-4 (0.5 ngyml), or ibu-
profen (10 or 100 mM) as indicated. Mean 6 SE, n 5 3.
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Stat6 also might function to induce the synthesis of PPARg1-
activating ligands. The ability of PPARg1 ligands to suppress
NF-kB activation as well as osteoclast formation in the absence
of IL-4 supports both possibilities, although activation of Stat6
is clearly not a prerequisite. Elucidation of the exact role of
NF-kB in RANKL-induced osteoclast formation will be re-
quired to ascertain the importance of its suppression by IL-4.

Because the PPARg1 gene is not up-regulated by IL-4 in
RAW264.7 cells, this action is not central to IL-4 function and
focuses attention on the identity of PPARg1 ligands induced in
osteoclast precursors. Numerous natural PPARg1 ligands have
been identified, including oxygenated products of the 12y15-LO
pathway such as 15(S)-HETE (12) and products of the cycloox-
ygenase pathways such as the cyclopentenone prostaglandin
PGD2 (22). Inhibitors of these pathways, including caffeic acid,
nordihydroguaiaretic acid, and ibuprofen, were unable to block
the effects of IL-4, however. These findings, together with the
observation that the 12y15-LO-deficient mouse retained respon-
siveness to IL-4, suggest that PPARg1 activation may involve as
yet undescribed novel ligands. Interestingly, recent studies sug-
gest that PPARg1 also can be regulated through phosphoryla-

tion via the mitogen-activated protein kinase (34) and protein
kinase A pathways (35).

PPARg1 appears to play a reciprocal role in the production of
macrophages and osteoclasts. The ability of IL-4 as well as other
factors to influence RANKL-mediated osteoclast formation
highlights the critical role of the environment in precursor
commitment to a particular differentiation program. The ability
of PPARg1 to regulate this process is reminiscent of the role of
PPARg1 role in adipogenesis, wherein this nuclear receptor
stimulates adipocyte differentiation and suppresses osteoblast
differentiation from common mesenchymal precursors (36). The
actions of PPARg1 in reducing the formation of both osteoblasts
and osteoclasts suggest an additional role for this receptor in the
modulation of bone remodeling. They may also explain why
treatment with the thiazolidinedione class of insulin sensitizers
appears to initiate the reversal of bone loss associated with
diabetes (37, 38).
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