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Adiponectin is a fat-derived hormone with antidiabetic

and antiatherogenic properties. Hypoadiponectinemia

seen in obesity is associated with insulin-resistant

diabetes and atherosclerosis. Thiazolidinediones, per-

oxisome proliferator–activated receptor-� (PPAR-�)

agonists, have been shown to increase plasma adiponec-

tin levels by the transcriptional induction in adipose

tissues. However, the precise mechanism of such action

is unknown. In this study, we have identified a func-

tional PPAR-responsive element (PPRE) in human adi-

ponectin promoter. PPAR-�/retinoid X receptor (RXR)

heterodimer directly bound to the PPRE and increased

the promoter activity in cells. In adipocytes, point

mutation of the PPRE markedly reduced the basal tran-

scriptional activity and completely blocked thiazo-

lidinedione-induced transactivation of adiponectin

promoter. We have also identified a responsive ele-

ment of another orphan nuclear receptor, liver recep-

tor homolog-1 (LRH-1), in adiponectin promoter.

LRH-1 was expressed in 3T3-L1 cells and rat adipo-

cytes. LRH-1 bound specifically to the identified re-

sponsive element (LRH-RE). LRH-1 augmented PPAR-

�–induced transactivation of adiponectin promoter,

and point mutation of the LRH-RE significantly de-

creased the basal and thiazolidinedione-induced ac-

tivities of adiponectin promoter. Our results indicate

that PPAR-� and LRH-1 play significant roles in the

transcriptional activation of adiponectin gene via the

PPRE and the LRH-RE in its promoter. Diabetes 52:

1655–1663, 2003

T
he adipose tissue has been shown to be an
endocrine organ that produces and secretes
many bioactive substances (1–4), conceptual-
ized as adipocytokines (3). Controlled produc-

tion of adipocytokines plays a crucial role in maintaining
homeostasis of glucose and lipid metabolism. Dysregula-
tion of adipocytokine production is directly involved in the
pathophysiology of metabolic syndrome, while normaliza-
tion of plasma concentrations of dysregulated adipocyto-
kines reverses the phenotype of metabolic syndrome
(1,5–8). Adiponectin is the adipocytokine we identified
from human fat cDNA (9). Adiponectin exhibits an adi-
pose-specific expression and it is the most abundant
transcript in human fat. Mouse homolog for adiponectin,
Acrp30 and AdipoQ, was cloned by Scherer et al. (10) and
Hu et al. (11), independently. Adiponectin exists abun-
dantly in human blood (5–20 �g/ml), and its plasma
concentration decreases with fat accumulation in the body
(12). Plasma adiponectin concentrations are lower in
patients with diabetes (13) and ischemic heart disease
(14). Significantly, the genetic mutation of the adiponectin
gene, which causes low plasma adiponectin levels, is
associated with metabolic syndrome, including insulin-
resistant diabetes and atherosclerotic disease (15). In
Pima Indians, hypoadiponectinemia is a strong predictor
for the development of type 2 diabetes (16). In the monkey
model of overcalorie-induced diabetes, reduction of
plasma adiponectin precedes the development of hyperin-
sulinemia and hyperglycemia (17).

Adiponectin has antidiabetic properties (18–21). It acti-
vates insulin receptor substrate-1 (IRS-1)-mediated phos-
phatidylinositol-3 kinase (PI-3K) and glucose uptake in
skeletal muscle cells (18,20,21), enhances muscle �-oxida-
tion via the activation of AMP-kinase (21), and suppresses
hepatic glucose production (19,21). Adiponectin exhibits
antiatherogenic effects in tissue cultures (14,22–24). Adi-
ponectin suppresses monocyte adhesion to endothelial
cells by reducing the nuclear factor-�B (NF-�B) signaling
and the mRNA expression of adhesion molecules in endo-
thelial cells (14,22). Adiponectin inhibits foam cell forma-
tion from macrophages by reducing the expression of
class A macrophage scavenger receptor and lipid accumu-
lation (23). It also suppresses the proliferation and migra-
tion of vascular smooth muscle cells by reducing the effects
of various growth factors, including platelet-derived growth
factor (PDGF)-AA, PDGF-BB, and heparin-binding epidermal
growth factor (HB-EGF), on the cells (24). In apolipoprotein
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E–deficient mice, infection of adenovirus-expressing human
adiponectin ameliorates atherosclerosis (25). Finally, adi-
ponectin deficiency in knockout mice causes diet-induced
insulin resistance and diabetes and increases neointimal
thicking in the arterial wall by mechanic injury (20,26,27).
Adiponectin supplement completely reverses the diabetic
and atherosclerotic phenotypes of the knockout mice
(20,26).

These observations implicate that hypoadiponectinemia
is a precedent pathological condition for the development
of obesity-related metabolic syndrome including insulin-
resistant diabetes and atherosclerosis. Therefore, the ther-
apy that can increase the production and secretion of
adiponectin should be useful to treat metabolic syndrome.

We and others have reported that treatments with
thiazolidinediones, which are known as peroxisome pro-
liferator–activated receptor-� (PPAR-�) agonists, can in-
crease plasma adiponectin levels in humans and mice
(28–30). Studies using mice and cultured adipocytes have
revealed that thiazolidinediones increase adiponectin
mRNA levels in adipose cells, resulting in increased pro-
duction and secretion of adiponectin protein (28,29). How-
ever, direct repeat 1 (DR1) sites, to which PPAR-�/retinoid
X receptor (RXR) heterodimer is thought to bind, have not
been identified in the promoter region of adiponectin gene
(31,32). Therefore, the question of whether the increase in
adiponectin mRNA levels by PPAR-� ligands is a direct
effect via a PPAR-responsive element (PPRE) in its flank-
ing region, or is an indirect effect mediated by accelerated
differentiation of adipocytes or other target genes of
PPAR-�, remains to be resolved. The current study reveals
the existence of PPRE in human adiponectin promoter,
PPAR-�/RXR heterodimer-mediated transactivation of adi-
ponectin gene through the PPRE, and involvement of liver
receptor homolog-1 (LRH-1) in enhancing PPAR-�–medi-
ated transactivation of adiponectin gene in adipocytes.
Revealing the transactivation machinery of adiponectin
gene regulated by PPAR-�, RXR and LRH-1 should be
useful to identify new compounds to enhance the adi-
ponectin production.

RESEARCH DESIGN AND METHODS

Plasmids. The luciferase reporter plasmids of human adiponectin promoter
were generated by excising the promoter fragment from the genomic clone of
adiponectin (31) and inserting it into the KpnI and SacI sites of the pGL3 basic
luciferase expression vector (Promega). Serial deletion of the pGL3-adiponec-
tin luciferase plasmid was performed by PCR. Point mutation of the pGL3-
adiponectin luciferase plasmid was introduced using the QuikChange Site-
Directed Mutagenesis kit (Stratagene). Expression plasmids encoding mouse
PPAR-� (pCMX-mPPAR-�), mouse RXR� (pCMX-mRXR�), mouse LRH-1
(pCMX-mLRH-1), VP16 (pCMX-VP16), VP16-mouse PPAR-� chimera protein
(pCMX-VP16-mPPAR-�), VP16-human RXR� chimera protein (pCMX-VP16-
hRXR�), and �-galactosidase (pCMX-�-gal) were generous gifts from Dr.
David Mangelsdorf (University of Texas Southwestern Medical Center, Dallas,
TX). Expression plasmids encoding human PPAR-� (pcDNA3.1-hPPAR-�) and
human RXR� (pcDNA3.1-hRXR�) were previously described (33). Human
LRH-1 (AF146343) was cloned and inserted into pcDNA3.1 to generate the
expression plasmid for human LRH-1 (pcDNA3.1-hLRH-1).
Animal studies. The experimental protocol was approved by the Ethics
Review Committee for Animal Experimentation of Osaka University. Male
13-week-old C57BL/KsJ (db�/db�) mice (Clea, Tokyo, Japan) were fed
powder diet (CRF-1; Oriental Kobo) containing 0.2% troglitazone or 0.01%
pioglitazone, respectively. The mice were killed 2 weeks later. Total RNA
extracted from subcutaneous adipose tissues was electrophoresed and trans-
ferred to nylon membrane (6). The membranes were hybridized with mouse
adiponectin and 36B4 cDNA probe labeled with [�-32P]dCTP. Plasma adi-
ponectin levels were measured by Western blot analysis. Plasma samples were

resolved on 12.5% SDS-PAGE gel, followed by electrophoretic transfer to a
nitrocellulose membrane. The signal was detected with a rabbit polyclonal
antibody against mouse adiponectin using the enhanced chemiluminescence
system (Amersham Biosciences).
Cotransfection assays in HEK293 cells. Human embryonic kidney (HEK)
293 cells were maintained at 37°C, 5% CO2 in Dulbecco’s modified Eagle
medium (DMEM) containing 10% FBS. Transfections were performed by
calcium phosphate coprecipitation as previously described (34). A ligand
compound was added at 8 h after transfection. Cells were harvested after 18 h
for luciferase and �-galactosidase assays. Luciferase data were normalized
relative to an internal �-galactosidase control and expressed as the relative
luciferase activity.
Electrophoretic mobility shift assays. Electrophoretic mobility shift assay
(EMSA) was performed as described previously (35). PPAR-�, RXR�, and
LRH-1 proteins were synthesized from pcDNA3.1-hPPAR-�, pcDNA3.1-
hRXR�, and pcDNA3.1-hLRH-1 expression plasmids, respectively, using the
TNT T7 Quick Coupled Transcription/Translation Systems (Promega). To
analyze the specific binding of PPAR-�/RXR heterodimer to the PPRE, the
double-strand oligonucleotide spanning from �291 to �267 of human adi-
ponectin promoter was 32P-radiolabeled using T4 polynucleotide kinase
(TaKaRa) with [�-32P]ATP. To analyze the specific binding of LRH-1 to the
LRH-RE, the double-strand oligonucleotide spanning from �245 to �221 of
human adiponectin promoter was labeled. Double-strand oligonucleotides
composed of the following sequences were used for competition assays:
human adiponectin PPRE wild-type, 5�-TGG TTT TGA CTT TTG CCC CAT
CTT C-3� and human adiponectin PPRE mutant, 5�-TGG TTT TGA CTT TTG

ttC CAT CTT C-3�; mouse aP2 PPRE (36), 5�-GAT CTG TGA ACT CTG ATC

CAG TAA G-3�; human adiponectin LRH-RE wild-type, 5�-AAT AAG GGT CAA

GGC CTG GAA ACA C-3�; human adiponectin LRH-RE mutant, 5�-AAT AAG
GGT CAA ccC CTG GAA ACA C-3� and rat cytochrome P450 (Cyp) 7a1
LRH-RE (34), 5�-GAC TTA GTT CAA GGC CGG GTA ATG C-3�. PPRE and
LRH-RE sequences are italicized. The mutated bases are shown in lower case.
RNA preparations from adipocytes. Rat stromal vascular cells and mature
adipocytes were isolated by collagenase digestion as described previously
(37). Epididymal fat pads were excised from male 8-week-old Sprague-Dawley
rats (Japan SLC) and immediately minced in ice-cold Krebs-Ringer HEPES
buffer (pH 7.4) containing 1% BSA. The minced tissue (2 g) was digested at
37°C for 30 min in 6 ml of Krebs-Ringer HEPES buffer (pH 7.4) containing 1%
BSA and 20 mg of type I collagenase (Worthington Biochemical) with
continuous agitation. Digested tissue was filtered through a nylon mesh and
centrifuged at 500g for 3 min. Mature adipocytes, found at the top of the
supernatant, and stromal vascular cells, found in the pellet, were transferred
to new tubes, respectively. The collected cells were mixed thoroughly by
vortexing with RNA STAT-60 solution (TEL-TEST). Total RNA was extracted
using the protocol provided by the manufacturer.

Mouse preadipocyte 3T3-L1 cells were maintained in DMEM containing
10% FBS. For differentiation, cells (3 days after reaching confluence) were
cultured for 2 days with 10% FBS-supplemented DMEM containing 5 �g/ml of
insulin, 0.5 mmol/l 1-methyl-3-isobutyl-xanthine, and 1 �mol/l dexamethasone.
The cells were further incubated with DMEM containing 10% FBS to differ-
entiate into adipocytes. Total RNA was extracted from undifferentiated 3T3-L1
preadipocytes and differentiated 3T3-L1 adipocytes (on day 6 after induction
of differentiation) using RNA STAT-60 according to the method recommended
by the manufacturer.
RT-PCR. First-strand cDNA was synthesized from total RNA using Thermo-
script RT (Invitrogen) primed by an oligo dT primer. Real-time PCR amplifi-
cation of PPAR-�, LRH-1, and �-actin was performed on the LightCycler
(Roche Diagnostics) using LightCycler-FastStart DNA Master SYBR Green I
(Roche Diagnostics). Primer sets were the following: PPAR-�, 5�-CCA GAG
TCT GCT GAT CTG CG-3� and 5�-GCC ACC TCT TTG CTC TGA TC-3�; LRH-1,
5�-GCC CTC ATT CGA GCC AAT GG-3� and 5�-CTG GGT ACT CAG ACT TGA
TGG C-3�; and �-actin, 5�-TGA CAG GAT GCA GAA GGA GAT-3� and 5�-CTC
CTG CTT GCT GAT CCA CAT-3�. The levels of PPAR-� and LRH-1 mRNA were
normalized relative to the amount of �-actin mRNA and were expressed in
arbitrary units.
Transfection studies of 3T3-L1 cells. On day 6 after induction of differen-
tiation, the media of 3T3-L1 cells in 6-well plates were changed to OPTI-MEM
(Invitrogen), and the cells were transfected with luciferase reporter plasmids
using LipofectAMINE 2000 reagent (Invitrogen) according to the instructions
provided by the manufacturer. Transfection was performed using 1 �g of
pCMX-�-gal (internal standard) along with 2 �g of pGL3-basic plasmid
containing human adiponectin promoter or with control pGL3-basic plasmid
alone. An equal amount of 20% FBS-supplemented DMEM with or without
pioglitazone was added into the media 3.5 h later. At 44 h after ligand
treatment, luciferase reporter assays were performed using Luciferase Assay
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System (Promega). Luciferase values were normalized by an internal �-galac-
tosidase control and expressed as the relative luciferase activity.

RESULTS

Thiazolidinediones increase adipose mRNA expres-

sion and plasma protein levels of adiponectin in mice.

Consistent with the previous reports (28,29), PPAR-�
ligands augmented adiponectin mRNA levels in white
adipose tissues (Fig. 1A). The mRNA induction of adi-
ponectin was associated with an increase in its plasma
concentrations (Fig. 1B).
PPAR-� and RXR transactivate human adiponectin

promoter. PPAR-� acts as a nuclear receptor-transcrip-
tion factor by forming a heterodimer with RXR. We
examined the direct effect of PPAR-�/RXR heterodimer on
the transcription of adiponectin gene by luciferase re-
porter assays. The 5�-flanking region of human adiponectin
gene (�908 to �14) was cloned by PCR and inserted into
the luciferase cassette construct. Assays were performed
in human kidney HEK293 cells, which seemingly lack most
of the adipogenic transcription factors. As shown in Fig.
2A, coexpression of PPAR-� and RXR� increased human
adiponectin promoter activity, although expression of
PPAR-� or RXR� alone failed to enhance the promoter
activity. Pioglitazone augmented the luciferase activity
induced by coexpression of PPAR-� and RXR�. Next, to
strengthen the response, we utilized VP16-chimera nuclear
receptors, in which the activation domain of herpes virus
VP16 protein was fused with receptors. VP16-PPAR-� and
VP16-RXR� are ligand-independent and constitutively ac-
tive for the responsive genes (38). As shown in Fig. 2B,
expression of VP16-PPAR-� alone slightly increased the
adiponectin promoter activity. Expression of VP16-RXR�
alone did not affect the luciferase activity compared with
the VP16 control. However, coexpression of VP16-PPAR-�

and VP16-RXR� markedly increased the promoter activity.
These results demonstrated that PPAR-�/RXR heterodimer
acted on the promoter of human adiponectin gene.
Identification of PPRE in human adiponectin pro-

moter. To identify the element responsible for PPAR-�/
RXR heterodimer–induced transactivation of adiponectin
promoter, we analyzed the effects of serial deletions of

FIG. 1. Effects of thiazolidinediones on adipose mRNA expression and
plasma protein levels of adiponectin in mice. Male 13-week-old obese
(db�/db�) mice were fed powder diet containing various thiazo-
lidinediones for 2 weeks. A: Northern blot analysis for adiponectin was
performed using total RNA extracted from subcutaneous adipose
tissues. B: Plasma adiponectin was detected by Western blot analysis
with anti-mouse adiponectin antibody. Representative data from indi-
vidual animals are demonstrated among three to four animals for each
group. Tro, troglitazone; Pio, pioglitazone; C, control group fed powder
diet containing no compounds.

FIG. 2. Promoter analysis of human adiponectin gene. A: HEK293 cells
were transfected with nuclear receptor expression plasmids and lucif-
erase reporter constructs containing the 5�-flanking region of human
adiponectin gene. The reporter construct, p(�908)/LUC, consists of
the nucleotide sequence between �908 and �14 upstream of the
transcription start site. Full-length PPAR-� and/or RXR� were ex-
pressed. Following transfection, cells were treated for 18 h with 1
�mol/l pioglitazone (Pio) or vehicle (EtOH). Normalized luciferase
activities are shown as means � SE (n � 3). B: HEK293 cells were
transfected with VP16-PPAR-� and/or VP16-RXR� expression plasmids
and the luciferase reporter vector containing human adiponectin pro-
moter. No ligand was added. Normalized luciferase activities are shown
as means � SE (n � 3). C: HEK293 cells were transfected with
VP16-PPAR-�– and VP16-RXR�–expression plasmids and luciferase
reporter constructs containing serial deletions of the 5�-flanking re-
gion of human adiponectin gene. No ligand was added. Normalized
luciferase activities are shown as means � SE (n � 3).
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adiponectin promoter on luciferase activities (Fig. 2C).
VP16-PPAR-�– and VP16-RXR�–induced transactivation
was completely abolished when the region between �286
and �267 was deleted. Inspection of this region revealed a
putative PPRE of the DR1 type at �273 to �285. Figure 3A

shows the similarity of the putative PPRE sequence in
human adiponectin promoter to the previously described
PPRE sites in various gene promoters (35,36,39,40).

To validate this putative PPRE, we introduced point
mutation from GG to AA at �276/�275 position (Fig. 3B).
This replacement of two nucleotides completely abolished
transactivation of human adiponectin promoter by VP16-
PPAR-� and VP16-RXR� (Fig. 3C). These results showed
that PPAR-�/RXR heterodimer activated the transcription
of adiponectin gene via the identified PPRE in its pro-
moter.

PPAR-�/RXR heterodimer binds to human adiponec-

tin PPRE. To confirm that PPAR-�/RXR heterodimer
binds to the identified PPRE in human adiponectin pro-
moter, EMSAs were performed with the double-stranded
oligonucleotide containing human adiponectin PPRE. 32P-
radiolabeled PPRE oligonucleotide was incubated with in
vitro translated PPAR-� and/or RXR� (Fig. 4). Neither
PPAR-� nor RXR� alone bound to human adiponectin
PPRE (Fig. 4, lanes 2 and 3). When PPAR-� and RXR�
were incubated together, the mobility of the labeled probe
was shifted (Fig. 4, lane 4). The signal of the shifted band
disappeared by competition with an excess of the homol-
ogous oligonucleotide (Fig. 4, lanes 5 and 6), but not with
the PPRE mutant (Fig. 4, lanes 7 and 8), which contains
point mutation (GG to AA, �276/�275), as described in
Fig. 3B. Another unlabeled oligonucleotide based on the
PPRE present in mouse aP2 gene enhancer (36) was also
an effective competitor (Fig. 4, lanes 9 and 10). These
results indicated that PPAR-�/RXR heterodimer bound
specifically to the identified PPRE in human adiponectin
promoter.
LRH-1 enhances PPAR-�–induced transactivation of

human adiponectin promoter via LRH-RE. To identify
other transcription factors that could enhance the tran-
scription of human adiponectin gene, we examined the
binding elements of transcription factors in the adiponec-
tin promoter. We identified a putative LRH-RE located at
�237 to �229 (Fig. 5A), downstream of the PPRE in
human adiponectin promoter (Fig. 5B). LRH-RE is a
binding element of another orphan nuclear receptor,
LRH-1. Figure 5A shows the similarity of the putative
LRH-RE sequence in human adiponectin promoter to the

FIG. 3. Identification of the functional PPRE in human adiponectin
promoter. A: The PPRE sequence in human adiponectin promoter is
compared with the PPRE sequences in the promoters of various
PPAR-�–responsive genes: mouse aP2 PPRE, ARE6, and ARE7 (36);
mouse c-Cbl–associating protein PPRE (39); mouse LXR� PPRE (40);
and mouse AQPap (aquaporin adipose) PPRE (35). DR1 motifs are
boxed. B: Schematic illustration of the human adiponectin promoter
and luciferase reporter construct. The PPRE sequence at position from
�285 to �273 is indicated. Point mutation from GG to AA was
introduced at �276/�275. C: Transcriptional activities were compared
between wild-type [p(�908)/LUC wt] and mutant reporters [p(�908)/
LUC PPRE mut], as described in B. HEK293 cells were transfected with
VP16-PPAR-� and VP16-RXR� expression plasmids and luciferase re-
porter constructs. No ligand was added. Normalized luciferase activi-
ties are shown as means � SE (n � 3).

FIG. 4. Specific binding of PPAR-�/RXR heterodimer to the PPRE in
human adiponectin promoter. EMSAs were performed with the [32P]-
labeled oligonucleotide containing the PPRE in human adiponectin
promoter. The labeled probe was incubated with in vitro synthesized
PPAR-� and/or RXR�. The position of the shifted PPAR-�/RXR� com-
plex with the labeled oligonucleotide is indicated by the arrow. Com-
petitive assays were performed using unlabeled oligonucleotides
containing human adiponectin PPRE wild-type (lanes 5 and 6), PPRE
mutant (�276/�275, GG to AA) (lanes 7 and 8), or mouse aP2 PPRE
(lanes 9 and 10), as competitors by 10- and 50-fold molar excess.
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previously described LRH-RE sites in various LRH-1–
responsive gene promoters (34,41–43).

To examine whether LRH-1 affects PPAR-�–induced
transactivation of human adiponectin promoter, cotrans-

fection assays with the luciferase reporter construct, ex-
pression plasmids of PPAR-�, RXR� (without the VP16
component) and LRH-1 were performed (Fig. 5C). Coex-
pression of PPAR-� and RXR� activated human adiponec-
tin promoter activity (Fig. 5C, lane 2 vs. lane 1).
Pioglitazone augmented the luciferase activity induced by
PPAR-�/RXR (Fig. 5C, lane 2). LRH-1 alone did not affect
the promoter activity (Fig. 5C, lane 3). However, coexpres-
sion of PPAR-�/RXR� and LRH-1 significantly augmented
the luciferase activity in either the presence or absence of
pioglitazone (Fig. 5C, lane 4). These results demonstrated
that LRH-1 enhanced PPAR-�–stimulated transactivation
of human adiponectin promoter.

To determine the significance of the putative LRH-RE in
human adiponectin promoter, we introduced point muta-
tion from GG to CC at �233/�232 position (Fig. 5B). This
point mutation did not affect PPAR-�/RXR–induced trans-
activation (Fig. 5C, lane 6 vs. lane 2). However, the effect
of LRH-1 on PPAR-�–induced transactivation was com-
pletely abolished (Fig. 5C, lane 8 vs. lane 6 and lane 8 vs.
lane 4). These results indicated that the effect of LRH-1 on
PPAR-�–induced transactivation of adiponectin promoter
was mediated through the identified LRH-RE.
LRH-1 binds to human adiponectin LRH-RE. To deter-
mine whether LRH-1 binds to the LRH-RE in human
adiponectin promoter, EMSAs were performed with the
double-stranded oligonucleotide containing human adi-
ponectin LRH-RE. Incubation of 32P-radiolabeled LRH-RE
oligonucleotide with in vitro translated LRH-1 resulted in a
shift in the mobility of the labeled probe (Fig. 6, lane 2).
The signal of the shifted band disappeared by competition
with an excess of the homologous oligonucleotide in a
dose-dependent manner (Fig. 6, lanes 3 and 4) but not
with the LRH-RE mutant (Fig. 6, lanes 5 and 6), which
contains point mutation (GG to CC, �233/�232) described
in Fig. 5B. Another unlabeled oligonucleotide based on the
LRH-RE present in rat Cyp7a1 gene promoter (34) was
also an effective competitor (Fig. 6, lanes 7 and 8). These

FIG. 5. Effect of LRH-1 on PPAR-�–induced transactivation of human
adiponectin promoter. A: The LRH-RE sequence exists at position from
�237 to �229 in human adiponectin promoter. The LRH-RE sequence
in human adiponectin promoter is compared with the LRH-RE se-
quences in the promoters of various LRH-1 responsive genes: rat
Cyp7a1 LRH-RE (34); human Cyp7a1 LRH-RE (41); human CETP
LRH-RE (42); and rat Cyp8b1 LRH-RE (43). B: Schematic illustration
of the human adiponectin promoter and luciferase reporter construct.
The LRH-RE sequence between �237 and �229, downstream of the
PPRE, is indicated. Point mutation from GG to CC was introduced at
�233/�232. C: HEK293 cells were cotransfected with nuclear receptor
expression plasmids and luciferase reporter constructs containing
human adiponectin promoter. Full-length PPAR-�, RXR�, and/or
LRH-1, none of which contained the VP16 component, were expressed.
Transcriptional activities were compared between wild-type [p(�908)/
LUC wt] and LRH-RE mutant reporter (LRH-RE mut), as described in
B. Following transfection, cells were treated for 18 h with 1 �mol/l
pioglitazone (Pio) or vehicle (EtOH). Normalized luciferase activities
are shown as means � SE (n � 3).

FIG. 6. Specific binding of LRH-1 to LRH-RE in human adiponectin
promoter. EMSAs were performed with the [32P]-labeled oligonucleo-
tide containing the LRH-RE in human adiponectin promoter and in
vitro synthesized LRH-1. The position of the shifted LRH-1 complex
with the labeled oligonucleotide is indicated by the arrow. Competitive
assays were performed using unlabeled oligonucleotides containing
human adiponectin LRH-RE wild-type (lanes 3 and 4), LRH-RE mutant
(�233/�232, GG to CC) (lanes 5 and 6), or rat Cyp7a1 LRH-RE (lanes

7 and 8), as competitors by 10- and 50-fold molar excess.
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results indicated that LRH-1 bound specifically to the
identified LRH-RE in human adiponectin promoter.
Expression of LRH-1 in adipocytes. To address the
physiological role of LRH-1 in adiponectin gene expres-
sion, we measured the mRNA levels of LRH-1 in stromal
vascular cells, containing preadipocytes, and in mature
adipocytes, isolated from rat epididymal fat pads (Fig. 7A).
Reverse transcription and real-time PCR were performed
with total RNA prepared from these cells. PPAR-� mRNA
was expressed predominantly in mature adipocytes as
described previously (44), and LRH-1 mRNA was ex-
pressed more abundantly in mature adipocytes than in
stromal vascular cells.

Next, we performed RT-PCR using total RNA prepared
from mouse 3T3-L1 cells (Fig. 7B). The expression of
LRH-1 mRNA was observed in both undifferentiated prea-
dipocytes and differentiated adipocytes. There was no
significant difference in the level of LRH-1 mRNA in 3T3-L1
cells before and after differentiation.
Significance of PPRE and LRH-RE on transcription of

adiponectin gene in 3T3-L1 adipocytes. To assess the
significance of PPRE and LRH-RE in adiponectin promoter
in adipocytes, we transfected luciferase reporter con-
structs containing wild-type or mutated human adiponec-
tin promoter (�908 to �14) into 3T3-L1 adipocytes (day 6
after induction of differentiation) (Fig. 7C). The basal
luciferase activity of the wild-type construct of adiponec-
tin promoter was 19-fold higher than that of the pGL3-
basic luciferase vector in 3T3-L1 adipocytes. Incubation
with pioglitazone markedly enhanced the transcriptional
activity of adiponectin promoter by 8.8-fold compared
with the basal condition. However, transfection of the
PPRE-mutated reporter construct (GG to AA, �276/�275;
Fig. 3B) caused a marked reduction of transcriptional
activity in the basal state, and no further stimulation was
seen by treatment with pioglitazone.

On the other hand, transfection of the LRH-RE–mutated
reporter construct (GG to CC, �233/�232; Fig. 5B) signif-
icantly decreased the transcriptional activity in the basal
state, while the response to pioglitazone was maintained
(7.5-fold in LRH-RE mutation vs. 8.8-fold in wild-type).
These results indicated that both PPRE and LRH-RE in
adiponectin promoter played significant roles in the tran-
scriptional activation of adiponectin gene in adipocytes.

DISCUSSION

The present study has identified a functional PPRE in the
adiponectin promoter and has demonstrated that it plays a
significant role in the transcriptional activation of
adiponectin gene in adipocytes. PPAR-� is one of key
transcription factors that regulate adipogenesis and glu-
cose and lipid metabolism (45). PPAR-� regulates the
expression of adipocyte-secreted proteins, adipocyto-
kines, which include leptin, tumor necrosis factor-� (TNF-
�), and adiponectin (28,29,46,47). Previous studies have
shown that PPAR-� agonists downregulate adipose mRNA
expression of leptin and TNF-� (46,47). However, the
precise mechanisms of how PPAR-� decreases the mRNA
levels of these adipocytokines have not been delineated.
We and others (28,29) have reported that treatment with
thiazolidinediones, PPAR-� agonists, increase adiponectin
mRNA levels in adipocytes and adipose tissues. In the

FIG. 7. Adipose expression of LRH-1 and significance of PPRE and
LRH-RE on transcription of adiponectin gene in adipocytes. A: mRNA
levels of PPAR-� and LRH-1 were quantified by reverse transcription
and real-time PCR. Total RNA was extracted separately from stromal
vascular cells and mature adipocytes, isolated from rat epididymal fat
pads by collagenase digestion and fractionation as described in RE-
SEARCH DESIGN AND METHODS. First-strand cDNA was synthesized from
180 ng of total RNA, and real-time PCR amplification of PPAR-�, LRH-1,
and �-actin was performed as described in RESEARCH DESIGN AND METHODS.
PPAR-� and LRH-1 mRNA levels were normalized to the amount of
�-actin mRNA. Data are shown as means � SE (n � 3) in arbitrary
units. SVC, rat stromal vascular cells; Adipocytes, rat mature adipocytes.
B: Expression of LRH-1 was detected at similar levels in undifferentiated
3T3-L1 preadipocytes and differentiated 3T3-L1 adipocytes. RT-PCR was
performed using total RNA extracted from 3T3-L1 preadipocytes and
adipocytes (on day 6 after differentiation). cDNA samples were subjected
to PCR using primers specific for LRH-1. C: Differentiated 3T3-L1 cells
were transfected with the luciferase reporter constructs of human adi-
ponectin promoter. Transcriptional activities were compared among wild-
type [p(�908)/LUC wt], PPRE mutant [p(�908)/LUC PPRE mut,
described in Fig. 3B], and LRH-RE mutant [p(�908)/LUC LRH-RE mut,
described in Fig. 5B]. Following transfection, cells were treated for 44 h
with 1 �mol/l pioglitazone (Pio) or vehicle (EtOH). Normalized luciferase
activities are shown as means � SE (n � 3).
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current study, the use of adiponectin promoter-reporter
constructs and expression plasmids of VP16-chimera nu-
clear receptors in nonadipose HEK293 cells has led us to
identify the functional PPRE in the promoter. This is the
first evidence demonstrating the direct transcriptional
regulation of adipocytokines by PPAR-�.

In 3T3-L1 adipocytes, pioglitazone markedly induced the
luciferase activity of adiponectin promoter. However, pio-
glitazone treatment of nonadipose HEK293 cells trans-
fected with PPAR-� and RXR increased the transcriptional
activity to a much lesser extent than in 3T3-L1 adipocytes.
These findings suggest that the expression of adiponectin
gene in adipocytes would require tissue-specific compe-
tence factors for full-activation. In this study, we have
found a binding element of LRH-1 (LRH-RE) in adiponec-
tin promoter. LRH-1 is a monomeric orphan nuclear recep-
tor expressed in the liver, pancreas, intestine, and ovary
(48). LRH-1 binds to the LRH-RE in the promoter of
Cyp7a1 gene, the rate-limiting enzyme for the conversion
of cholesterol into bile acids in the liver. LRH-1 is neces-
sary for transactivation of Cyp7a1 gene by liver X receptor
(LXR)/RXR heterodimer (34). In another case, LRH-1
enhances the induction of small heterodimer partner
(SHP) gene mediated by farnesoid X receptor (FXR)/RXR
heterodimer (34). Hence LRH-1 is considered to serve as a
competence factor for the nuclear receptors that form a
heterodimer with RXR in the liver (48). Based on this
background, we hypothesized that LRH-1 might also exert
a function as a competence factor for PPAR-�/RXR het-
erodimer in adipocytes.

In nonadipose HEK293 cells, the endogenous LRH-1
expression is negligible (41). In our study, transfection of
LRH-1 alone did not affect the transcriptional activity of
adiponectin promoter in HEK293 cells. However, coex-
pression of LRH-1 augmented PPAR-�/RXR–induced trans-
activation of adiponectin promoter. In 3T3-L1 adipocytes,
which should contain endogenous PPAR-� ligands, the
luciferase activity of adiponectin promoter significantly
decreased when the LRH-RE was mutated. We also ob-
served that LRH-1 was expressed in 3T3-L1 adipocytes and
mature adipocyte fraction obtained from rat fat pads.
These results suggest that LRH-1 plays an important role in
PPAR-�–stimulated transcription of adiponectin gene as a
competence factor in adipocytes, although the precise
mechanism of LRH-1 action remains unknown. The direct
interaction of PPAR-� and LRH-1 was not seen by protein
pull-down assay (data not shown). LRH-1 might be asso-
ciated with a cofactor complex interacting with PPAR-�/
RXR as well as LXR�/RXR (34).

Steroidogenic factor 1 (SF-1) is expressed from the
inception of adrenal and gonadal development and plays
an important role in regulating the expression of multiple
components of steroidogenesis (49). As SF-1 has been
shown to share the binding site with LRH-1 (50), it is
possible that SF-1 might also be involved in transactivation
of adiponectin gene via the LRH-RE identified here. By
RT-PCR, SF-1 was highly expressed in adrenal gland and
testis in adult male mice, but SF-1 expression was not
detected in mouse adipose tissues or 3T3-L1 cells (data not
shown). Therefore, in adipocytes, we assume that LRH-1
should be more physiologically relevant for the LRH-RE in
adiponectin promoter.

In the previous study by Das et al. (32), alignment of the
3-kb mouse adiponectin/Acrp30 promoter sequence with
its human counterpart shows 	70% identity. However, in
their article, the PPRE and the LRH-RE identified here are
not described. We compared human and mouse adiponec-
tin promoter sequences closely, and identified the PPRE-
like sequence (�255/�267) and the LRH-RE–like sequence
(�230/�222) in mouse adiponectin promoter. It will be of
interest to determine whether these elements in mouse
adiponectin promoter are functional as well.

In the present study, we have shown the molecular
mechanisms of stimulatory effects of PPAR-� agonists on
the transcription of adiponectin gene (Fig. 8). Adipose
expression of adiponectin gene is maintained and induced
by endogenous or exogenous PPAR-� ligands via the direct
binding of PPAR-�/RXR heterodimer to the PPRE (�273/
�285) in adiponectin promoter. Another nuclear receptor,
LRH-1, also binds to the LRH-RE (�237/�229) and func-
tions as a competence factor, enhancing transactivation by
PPAR-�/RXR. Increased transcription of adiponectin gene
via the PPRE and the LRH-RE in its promoter results in
enhanced production and secretion of adiponectin from
adipocytes. Therapy manipulating the transcriptional ma-
chinery regulated by PPAR-�, RXR, and LRH-1 should
enhance the production of adiponectin, a fat-derived an-
tidiabetic and antiatherogenic factor.

ACKNOWLEDGMENTS

This work was supported by Daiwa Securities Health
Foundation, Suzuken Memorial Foundation, The Tokyo

FIG. 8. Model illustrating transactivation of adiponectin promoter. Adi-
pose expression of adiponectin gene is maintained and induced by endog-
enous or exogenous PPAR-� ligands via the direct binding of PPAR-�/RXR
heterodimer to the PPRE (�273/�285) in adiponectin promoter. Another
orphan nuclear receptor, LRH-1, also binds to the LRH-RE (�237/�229),
enhancing transactivation of adiponectin promoter, in concert with
PPAR-�/RXR heterodimer. Increased transcription of adiponectin gene
via the PPRE and the LRH-RE in the promoter results in enhanced
production and secretion of adiponectin from adipocytes.

M. IWAKI AND ASSOCIATES

DIABETES, VOL. 52, JULY 2003 1661

D
ow

nloaded from
 http://diabetes.diabetesjournals.org/diabetes/article-pdf/52/7/1655/648986/db0703001655.pdf by guest on 24 April 2024



Biochemical Research Foundation, Takeda Medical Re-
search Foundation, Uehara Memorial Foundation, Takeda
Science Foundation, Novartis Foundation (Japan) for the
Promotion of Science, The Cell Science Research Founda-
tion, The Mochida Memorial Foundation for Medical and
Pharmaceutical Research, Grant-in-Aid of the Japan Med-
ical Association, The Naito Foundation, Kanae Foundation
for Life & Socio-Medical Science, a Japan Heart Founda-
tion Research Grant, and Japan Research Foundation for
Clinical Pharmacology.

We are indebted to Takeda Chemical Industries (Osaka,
Japan) for providing us with pioglitazone. We are also
indebted to the members of Shimomura’s laboratory for
helpful discussion.

REFERENCES

1. Hotamisligil GS, Shargill NS, Spiegelman BM: Adipose expression of tumor
necrosis factor-alpha: direct role in obesity-linked insulin resistance.
Science 259:87–91, 1993

2. Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, Friedman JM:
Positional cloning of the mouse obese gene and its human homologue.
Nature 372:425–432, 1994

3. Shimomura I, Funahashi T, Takahashi M, Maeda K, Kotani K, Nakamura T,
Yamashita S, Miura M, Fukuda Y, Takemura K, Tokunaga K, Matsuzawa Y:
Enhanced expression of PAI-1 in visceral fat: possible contributor to
vascular disease in obesity. Nat Med 2:800–803, 1996

4. Steppan CM, Bailey ST, Bhat S, Brown EJ, Banerjee RR, Wright CM, Patel
HR, Ahima RS, Lazar MA: The hormone resistin links obesity to diabetes.
Nature 409:307–312, 2001

5. Moitra J, Mason MM, Olive M, Krylov D, Gavrilova O, Marcus-Samuels B,
Feigenbaum L, Lee E, Aoyama T, Eckhaus M, Reitman ML, Vinson C: Life
without white fat: a transgenic mouse. Genes Dev 12:3168–3181, 1998

6. Shimomura I, Hammer RE, Richardson JA, Ikemoto S, Bashmakov Y,
Goldstein JL, Brown MS: Insulin resistance and diabetes mellitus in
transgenic mice expressing nuclear SREBP-1c in adipose tissue: model for
congenital generalized lipodystrophy. Genes Dev 12:3182–3194, 1998

7. Shimomura I, Hammer RE, Ikemoto S, Brown MS, Goldstein JL: Leptin
reverses insulin resistance and diabetes mellitus in mice with congenital
lipodystrophy. Nature 401:73–76, 1999

8. Oral EA, Simha V, Ruiz E, Andewelt A, Premkumar A, Snell P, Wagner AJ,
DePaoli AM, Reitman ML, Taylor SI, Gorden P, Garg A: Leptin-replacement
therapy for lipodystrophy. N Engl J Med 346:570–578, 2002

9. Maeda K, Okubo K, Shimomura I, Funahashi T, Matsuzawa Y, Matsubara K:
cDNA cloning and expression of a novel adipose specific collagen-like
factor, apM1 (AdiPose Most abundant Gene transcript 1). Biochem Bio-

phys Res Commun 221:286–289, 1996
10. Scherer PE, Williams S, Fogliano M, Baldini G, Lodish HF: A novel serum

protein similar to C1q, produced exclusively in adipocytes. J Biol Chem

270:26746–26749, 1995
11. Hu E, Liang P, Spiegelman BM: AdipoQ is a novel adipose-specific gene

dysregulated in obesity. J Biol Chem 271:10697–10703, 1996
12. Arita Y, Kihara S, Ouchi N, Takahashi M, Maeda K, Miyagawa J, Hotta K,

Shimomura I, Nakamura T, Miyaoka K, Kuriyama H, Nishida M, Yamashita
S, Okubo K, Matsubara K, Muraguchi M, Ohmoto Y, Funahashi T, Matsu-
zawa Y: Paradoxical decrease of an adipose-specific protein, adiponectin,
in obesity. Biochem Biophys Res Commun 257:79–83, 1999

13. Hotta K, Funahashi T, Arita Y, Takahashi M, Matsuda M, Okamoto Y,
Iwahashi H, Kuriyama H, Ouchi N, Maeda K, Nishida M, Kihara S, Sakai N,
Nakajima T, Hasegawa K, Muraguchi M, Ohmoto Y, Nakamura T, Ya-
mashita S, Hanafusa T, Matsuzawa Y: Plasma concentrations of a novel,
adipose-specific protein, adiponectin, in type 2 diabetic patients. Arterio-

scler Thromb Vasc Biol 20:1595–1599, 2000
14. Ouchi N, Kihara S, Arita Y, Maeda K, Kuriyama H, Okamoto Y, Hotta K,

Nishida M, Takahashi M, Nakamura T, Yamashita S, Funahashi T, Matsu-
zawa Y: Novel modulator for endothelial adhesion molecules: adipocyte-
derived plasma protein adiponectin. Circulation 100:2473–2476, 1999

15. Kondo H, Shimomura I, Matsukawa Y, Kumada M, Takahashi M, Matsuda
M, Ouchi N, Kihara S, Kawamoto T, Sumitsuji S, Funahashi T, Matsuzawa
Y: Association of adiponectin mutation with type 2 diabetes: a candidate
gene for the insulin resistance syndrome. Diabetes 51:2325–2328, 2002

16. Lindsay RS, Funahashi T, Hanson RL, Matsuzawa Y, Tanaka S, Tataranni
PA, Knowler WC, Krakoff J: Adiponectin and development of type 2
diabetes in the Pima Indian population. Lancet 360:57–58, 2002

17. Hotta K, Funahashi T, Bodkin NL, Ortmeyer HK, Arita Y, Hansen BC,
Matsuzawa Y: Circulating concentrations of the adipocyte protein adi-
ponectin are decreased in parallel with reduced insulin sensitivity during
the progression to type 2 diabetes in rhesus monkeys. Diabetes 50:1126–
1133, 2001

18. Yamauchi T, Kamon J, Waki H, Terauchi Y, Kubota N, Hara K, Mori Y, Ide
T, Murakami K, Tsuboyama-Kasaoka N, Ezaki O, Akanuma Y, Gavrilova O,
Vinson C, Reitman ML, Kagechika H, Shudo K, Yoda M, Nakano Y, Tobe K,
Nagai R, Kimura S, Tomita M, Froguel P, Kadowaki T: The fat-derived
hormone adiponectin reverses insulin resistance associated with both
lipoatrophy and obesity. Nat Med 7:941–946, 2001

19. Berg AH, Combs TP, Du X, Brownlee M, Scherer PE: The adipocyte-
secreted protein Acrp30 enhances hepatic insulin action. Nat Med 7:947–
953, 2001

20. Maeda N, Shimomura I, Kishida K, Nishizawa H, Matsuda M, Nagaretani H,
Furuyama N, Kondo H, Takahashi M, Arita Y, Komuro R, Ouchi N, Kihara
S, Tochino Y, Okutomi K, Horie M, Takeda S, Aoyama T, Funahashi T,
Matsuzawa Y: Diet-induced insulin resistance in mice lacking adiponectin/
ACRP30. Nat Med 8:731–737, 2002

21. Yamauchi T, Kamon J, Minokoshi Y, Ito Y, Waki H, Uchida S, Yamashita S,
Noda M, Kita S, Ueki K, Eto K, Akanuma Y, Froguel P, Foufelle F, Ferre P,
Carling D, Kimura S, Nagai R, Kahn BB, Kadowaki T: Adiponectin
stimulates glucose utilization and fatty-acid oxidation by activating AMP-
activated protein kinase. Nat Med 8:1288–1295, 2002

22. Ouchi N, Kihara S, Arita Y, Okamoto Y, Maeda K, Kuriyama H, Hotta K,
Nishida M, Takahashi M, Muraguchi M, Ohmoto Y, Nakamura T, Yamashita
S, Funahashi T, Matsuzawa Y: Adiponectin, an adipocyte-derived plasma
protein, inhibits endothelial NF-kappaB signaling through a cAMP-depen-
dent pathway. Circulation 102:1296–1301, 2000

23. Ouchi N, Kihara S, Arita Y, Nishida M, Matsuyama A, Okamoto Y, Ishigami
M, Kuriyama H, Kishida K, Nishizawa H, Hotta K, Muraguchi M, Ohmoto Y,
Yamashita S, Funahashi T, Matsuzawa Y: Adipocyte-derived plasma pro-
tein, adiponectin, suppresses lipid accumulation and class A scavenger
receptor expression in human monocyte-derived macrophages. Circula-

tion 103:1057–1063, 2001
24. Arita Y, Kihara S, Ouchi N, Maeda K, Kuriyama H, Okamoto Y, Kumada M,

Hotta K, Nishida M, Takahashi M, Nakamura T, Shimomura I, Muraguchi
M, Ohmoto Y, Funahashi T, Matsuzawa Y: Adipocyte-derived plasma
protein adiponectin acts as a platelet-derived growth factor-BB-binding
protein and regulates growth factor-induced common postreceptor signal
in vascular smooth muscle cell. Circulation 105:2893–2898, 2002

25. Okamoto Y, Kihara S, Ouchi N, Nishida M, Arita Y, Kumada M, Ohashi K,
Sakai N, Shimomura I, Kobayashi H, Terasaka N, Inaba T, Funahashi T,
Matsuzawa Y: Adiponectin reduces atherosclerosis in apolipoprotein E-de-
ficient mice. Circulation 106:2767–2770, 2002

26. Matsuda M, Shimomura I, Sata M, Arita Y, Nishida M, Maeda N, Kumada M,
Okamoto Y, Nagaretani H, Nishizawa H, Kishida K, Komuro R, Ouchi N,
Kihara S, Nagai R, Funahashi T, Matsuzawa Y: Role of adiponectin in
preventing vascular stenosis: the missing link of adipo-vascular axis. J Biol

Chem 277:37487–37491, 2002
27. Kubota N, Terauchi Y, Yamauchi T, Kubota T, Moroi M, Matsui J, Eto K,

Yamashita T, Kamon J, Satoh H, Yano W, Froguel P, Nagai R, Kimura S,
Kadowaki T, Noda T: Disruption of adiponectin causes insulin resistance
and neointimal formation. J Biol Chem 277:25863–25866, 2002

28. Maeda N, Takahashi M, Funahashi T, Kihara S, Nishizawa H, Kishida K,
Nagaretani H, Matsuda M, Komuro R, Ouchi N, Kuriyama H, Hotta K,
Nakamura T, Shimomura I, Matsuzawa Y: PPAR� ligands increase expres-
sion and plasma concentrations of adiponectin, an adipose-derived pro-
tein. Diabetes 50:2094–2099, 2001

29. Combs TP, Wagner JA, Berger J, Doebber T, Wang WJ, Zhang BB, Tanen M,
Berg AH, O’Rahilly S, Savage DB, Chatterjee K, Weiss S, Larson PJ,
Gottesdiener KM, Gertz BJ, Charron MJ, Scherer PE, Moller DE: Induction
of adipocyte complement-related protein of 30 kilodaltons by PPARgamma
agonists: a potential mechanism of insulin sensitization. Endocrinology

143:998–1007, 2002
30. Yu JG, Javorschi S, Hevener AL, Kruszynska YT, Norman RA, Sinha M,

Olefsky JM: The effect of thiazolidinediones on plasma adiponectin levels
in normal, obese, and type 2 diabetic subjects. Diabetes 51:2968–2974,
2002

31. Takahashi M, Arita Y, Yamagata K, Matsukawa Y, Okutomi K, Horie M,
Shimomura I, Hotta K, Kuriyama H, Kihara S, Nakamura T, Yamashita S,
Funahashi T, Matsuzawa Y: Genomic structure and mutations in adipose-
specific gene, adiponectin. Int J Obes Relat Metab Disord 24:861–868, 2000

32. Das K, Lin Y, Widen E, Zhang Y, Scherer PE: Chromosomal localization,
expression pattern, and promoter analysis of the mouse gene encoding

TRANSACTIVATION OF ADIPONECTIN GENE

1662 DIABETES, VOL. 52, JULY 2003

D
ow

nloaded from
 http://diabetes.diabetesjournals.org/diabetes/article-pdf/52/7/1655/648986/db0703001655.pdf by guest on 24 April 2024



adipocyte-specific secretory protein Acrp30. Biochem Biophys Res Com-

mun 280:1120–1129, 2001
33. Nishizawa H, Yamagata K, Shimomura I, Takahashi M, Kuriyama H,

Kishida K, Hotta K, Nagaretani H, Maeda N, Matsuda M, Kihara S,
Nakamura T, Nishigori H, Tomura H, Moore DD, Takeda J, Funahashi T,
Matsuzawa Y: Small heterodimer partner, an orphan nuclear receptor,
augments peroxisome proliferator-activated receptor gamma transactiva-
tion. J Biol Chem 277:1586–1592, 2002

34. Lu TT, Makishima M, Repa JJ, Schoonjans K, Kerr TA, Auwerx J,
Mangelsdorf DJ: Molecular basis for feedback regulation of bile acid
synthesis by nuclear receptors. Mol Cell 6:507–515, 2000

35. Kishida K, Shimomura I, Nishizawa H, Maeda N, Kuriyama H, Kondo H,
Matsuda M, Nagaretani H, Ouchi N, Hotta K, Kihara S, Kadowaki T,
Funahashi T, Matsuzawa Y: Enhancement of the aquaporin adipose gene
expression by a peroxisome proliferator-activated receptor gamma. J Biol

Chem 276:48572–48579, 2001
36. Tontonoz P, Hu E, Graves RA, Budavari AI, Spiegelman BM: mPPAR

gamma 2: tissue-specific regulator of an adipocyte enhancer. Genes Dev

8:1224–1234, 1994
37. Bennett CN, Ross SE, Longo KA, Bajnok L, Hemati N, Johnson KW,

Harrison SD, MacDougald OA: Regulation of Wnt signaling during adipo-
genesis. J Biol Chem 277:30998–31004, 2002

38. Li Y, Lazar MA: Differential gene regulation by PPARgamma agonist and
constitutively active PPARgamma2. Mol Endocrinol 16:1040–1048, 2002

39. Baumann CA, Chokshi N, Saltiell AR, Ribon V: Cloning and characteriza-
tion of a functional peroxisome proliferator activator receptor-gamma-
responsive element in the promoter of the CAP gene. J Biol Chem

275:9131–9135, 2000
40. Chawla A, Boisvert WA, Lee CH, Laffitte BA, Barak Y, Joseph SB, Liao D,

Nagy L, Edwards PA, Curtiss LK, Evans RM, Tontonoz P: A PPAR
gamma-LXR-ABCA1 pathway in macrophages is involved in cholesterol
efflux and atherogenesis. Mol Cell 7:161–171, 2001

41. Nitta M, Ku S, Brown C, Okamoto AY, Shan B: CPF: an orphan nuclear
receptor that regulates liver-specific expression of the human cholesterol
7alpha-hydroxylase gene. Proc Natl Acad Sci U S A 96:6660–6665, 1999

42. Luo Y, Liang CP, Tall AR: The orphan nuclear receptor LRH-1 potentiates
the sterol-mediated induction of the human CETP gene by liver X receptor.
J Biol Chem 276:24767–24773, 2001

43. Del Castillo-Olivares A, Gil G: Alpha 1-fetoprotein transcription factor is
required for the expression of sterol 12alpha -hydroxylase, the specific
enzyme for cholic acid synthesis: potential role in the bile acid-mediated
regulation of gene transcription. J Biol Chem 275:17793–17799, 2000

44. Hansen LH, Madsen B, Teisner B, Nielsen JH, Billestrup N: Characteriza-
tion of the inhibitory effect of growth hormone on primary preadipocyte
differentiation. Mol Endocrinol 12:1140–1149, 1998

45. Rosen ED, Walkey CJ, Puigserver P, Spiegelman BM: Transcriptional
regulation of adipogenesis. Genes Dev 14:1293–1307, 2000

46. De Vos P, Lefebvre AM, Miller SG, Guerre-Millo M, Wong K, Saladin R,
Hamann LG, Staels B, Briggs MR, Auwerx J: Thiazolidinediones repress ob
gene expression in rodents via activation of peroxisome proliferator-
activated receptor gamma. J Clin Invest 98:1004–1009, 1996

47. Hofmann C, Lorenz K, Braithwaite SS, Colca JR, Palazuk BJ, Hotamisligil
GS, Spiegelman BM: Altered gene expression for tumor necrosis factor-
alpha and its receptors during drug and dietary modulation of insulin
resistance. Endocrinology 134:264–270, 1994

48. Lu TT, Repa JJ, Mangelsdorf DJ: Orphan nuclear receptors as eLiXiRs and
FiXeRs of sterol metabolism. J Biol Chem 276:37735–37738, 2001

49. Lala DS, Syka PM, Lazarchik SB, Mangelsdorf DJ, Parker KL, Heyman RA:
Activation of the orphan nuclear receptor steroidogenic factor 1 by
oxysterols. Proc Natl Acad Sci U S A 94:4895–4900, 1997

50. Galarneau L, Pare JF, Allard D, Hamel D, Levesque L, Tugwood JD, Green
S, Belanger L: The alpha1-fetoprotein locus is activated by a nuclear
receptor of the Drosophila FTZ-F1 family. Mol Cell Biol 16:3853–3865, 1996

M. IWAKI AND ASSOCIATES

DIABETES, VOL. 52, JULY 2003 1663

D
ow

nloaded from
 http://diabetes.diabetesjournals.org/diabetes/article-pdf/52/7/1655/648986/db0703001655.pdf by guest on 24 April 2024


