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Abstract

A novel oxyiminoalkanoic acid derivative, TAK-559, (E)-4-[4-[(5-methyl-2-phenyl-1, 3-oxazol-4-yl)methoxy]benzyloxyimino]-4-

phenylbutyric acid, was synthesized as a candidate of a new type of insulin-sensitizing agent. We report here activation of human peroxisome

proliferator-activated receptor (hPPAR) subtypes by TAK-559. In a transient transactivation assay, TAK-559 was a potent hPPARg1 and

hPPARa agonist with EC50 values of 31 and 67 nM, respectively. Furthermore, TAK-559 was a partial agonist for hPPARg1 with about 68%

of maximal activation obtained with rosiglitazone (5-(4-(2-(methyl(2-pyridinyl)amino)ethoxy) benzyl)-1,3-thiazolidine-2,4-dione), a

thiazolidinedione derivative, which is known as a PPARg agonist. PPARy was significantly activated at a high concentration (10 AM) of

TAK-559. Competition-binding assays using radiolabeled ligand indicated that the transactivation of all hPPAR subtypes by TAK-559 was

due to direct binding of TAK-559 to each subtype. We also demonstrated that TAK-559 acts to recruit the coactivator SRC-1 to each of

hPPARg1 and hPPARa, and to dissociate the corepressor NCoR from each of hPPARg1 and hPPARa. Taken together, we conclude that

TAK-559 is a dual agonist for hPPARg1 and hPPARa with nearly equal EC50 values, a partial agonist for hPPARg1, and has a rather slight

agonist activity for hPPARy.
D 2004 Elsevier B.V. All rights reserved.
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1. Introduction Ferrannini, 1991), rosiglitazone (Reaven, 1988) and pio-
In type 2 diabetes, hyperglycemia is a result of impaired

insulin secretion in response to glucose, increased hepatic

glucose production and decreased insulin-stimulated glu-

cose uptake in the peripheral tissues. The latter two

abnormalities are defined as insulin resistance. Insulin

resistance is a common fundamental abnormality of type

2 diabetes and obesity in human and animals. Although the

mechanism of insulin resistance is not yet fully under-

stood, reducing insulin resistance seems to improve glu-

cose and lipid metabolism in type 2 diabetes. The

thiazolidinediones, such as troglitazone (DeFronzo and
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glitazone (Sohda et al., 1990; Ikeda et al., 1990; Sugiyama

et al., 1990a,b), which were reported to be a peroxisome

proliferator-activated receptor (PPAR) g agonist (Forman

et al., 1995; Lehmann et al., 1995), were developed for the

treatment of type 2 diabetes. They are the first group of

insulin-sensitizing agents to specifically target peripheral

insulin resistance. However, since weight gain has been

reported as a side effect of these drugs (O’Moore-Sullivan

and Prins, 2002), improvement of the thiazolidinedione

derivatives as antidiabetic agents is still required. Further-

more, to offer a promising therapeutic approach to not only

diabetes but also the metabolic syndrome, new type

PPARg agonist, which can improve dyslipidemia, is more

beneficial.

The PPAR family consists of three subtypes, PPARg,

PPARa and PPARy, encoded by separate genes. These

PPARs form heterodimers with another nuclear receptor,
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the retinoid-X receptor (RXR). The PPAR/RXR hetero-

dimers bind to a PPAR response element (PPRE) in the

regulatory regions of target genes (Mangelsdorf and Evans,

1995). PPARg plays a pivotal role in adipocyte differen-

tiation and lipid storage (Forman et al., 1995; Tontonoz et

al., 1994). PPARg agonists, such as fatty acid and thiazo-

lidindiones, have been shown to induce expression of

adipocyte specific gene in adipocyte and to enhance

differentiation of cultured preadipocyte cell to adipocyte

(Kletzien et al., 1992; Ibrahimi et al., 1994). On the other

hand, GW-0072, which is a high affinity PPARg ligand but

a weak partial agonist for PPARg, did not convert pre-

adipocyte to adipocyte (Oberfield et al., 1999). Thus,

PPARg transactivation activity has been reported to be

associated with adipocyte differentiation. PPARa, which is

predominantly expressed in liver, regulates the expression

of genes involved in fatty acid catabolism (Schoonjans et

al., 1996; Isseman and Green, 1990). A range of fatty acids

and eicosanoids activate PPARa (Forman et al., 1997).

Fibrate drugs, which are effective at lowering serum

triglycerides in both human and rodent, also activate

PPARa (Berthou et al., 1996; Malmendier and Delcroix,

1985). It has been reported that the inductive effects of

fibrates on HDLc and apoA-I levels in human plasma were

at least partly caused by inducing the apoA-I gene expres-

sion via hPPARa (Staels and Auwerx, 1998; Berthou et

al., 1996). The direct involvement of PPARa in the effect

of fibrate to lower cholesterol and triglyceride levels was

recently demonstrated with PPARa-deficient mice (Peters

et al., 1997). PPARy is ubiquitously expressed but its role

remains unclear (Schmidt et al., 1992). It was reported that
Fig. 1. Structures of TAK-559, thiazolidi
several polyunsaturated fatty acids and eicosanoids activate

PPARy (Forman et al., 1997). Oliver et al. reported that a

selective PPARy agonist GW-501516 promotes reverse

cholesterol transport and increases HDLc in serum (Oliver

et al., 2001). Thus, as all PPAR subtypes have a very

important role in the regulation of energy metabolism, and

as their activity can be modulated by small molecular

compound, there is an increasing interest in PPARs as the

target of drug discovery.

In this study, we showed that TAK-559, (E)-4-[4-[(5-

methyl-2-phenyl-1,3-oxazol-4-yl) methoxy]benzyloxyi-

mino]-4-phenylbutyric acid, a novel oxyiminoalkanoic acid

derivative, has partial agonist activity for hPPARg1, dual

agonist activity for hPPARg1 and hPPARa, and rather slight

agonist activity for hPPARy using transient transactivation

assays, binding assays and cofactor assays. Furthermore, we

evaluated the partial agonist activity of TAK-559 for PPARg

in 3T3-L1 adipocytes.
2. Materials and methods

2.1. Chemicals

TAK-559 (Imoto et al., 2003), rosiglitazone (5-(4-(2-

(methyl(2-pyridinyl)amino)ethoxy) benzyl)-1,3-thiazoli-

dine-2,4-dione), AD-5061 (5-(4-(2-(5-methyl-2-phenyl-1,3-

oxazol-4-yl)ethoxy) benzyl)-1,3-thiazolidine-2,4-dione) and

L-783483 (3-chloro-4-((3-((7-propyl-3-(trifluoromethyl)-

1,2-benzisoxazol-6-yl)oxy)propyl)thio)phenyl)acetic acid)

(Berger et al., 1999) (Fig. 1) were synthesized at Takeda
nedione derivatives and L-783483.
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Chemical Ind. (Osaka, Japan). Troglitazone (5-[[4-[(3,4-

dihydro-6-hydroxy-2,5,7,8-tetramethyl-2H-1-benzopyran-2-

yl)methoxy]phenyl]methyl]-2,4-thiazolidinedione) (Fig. 1)

was extracted and purified at Takeda Chemical Ind. from

goods on the market. Wy-14643 ([4-chloro-6-[(2,3-dime-

thylphenyl)amino]-2-pyrimidinyl]thio)-acetic acid) was pur-

chased from Cayman Chemical (USA). Iloprost was

obtained from Amersham Pharmacia Biotech (UK).

[3H]AD-5061 and [3H]L-783483 were synthesized at Amer-

sham Pharmacia Biotech.

2.2. Plasmids

The reporter construct, pGL3-PPREx4-tk-luc-neo, was

generated by inserting four copies of the rat acyl-CoA

oxidase PPRE upstream of the herpes virus thymidine

kinase promoter and the luciferase reporter gene. Full-length

cDNA for hPPARg1, hPPARy, hPPARa, and hRXRa were

subcloned into mammalian expression plasmid pMCMV-

neo, which contained the cytomegalovirus promoter, to

generate pMCMVneo-hPPARg, pMCMVneo-hPPARy,
pMCMVneo-hPPARa, pMCMVneo-hRXRa respectively.

For bactrerial expression of full-length hPPARa fused to

glutathion S-transferase (GST), full-length hPPARa cDNA

was cloned into pGEX-6P (Amersham Pharmacia Biotech).

For coactivator recruitment assay and corepressor dissocia-

tion assay, we constructed expression plasmids coding full-

length hPPARg1 or hPPARa fused to the herpes virus VP16

activation domain (amino acids 411–456) and named

pACT-hPPARg1 and pACT-hPPARa, respectively. Both

hSRC-1 cDNA encoding amino acids 592–782 (Oberfield

et al., 1999) and hNCoR cDNA encoding amino acids

2225–2286 (Horlein et al., 1995; Wang et al., 1998) were

cloned into the pBIND (Promega, USA), which expresses

yeast GAL4 DNA binding domain (amino acids 1–147), to

generate pBIND-hSRC-1 and pBIND-hNCoR. These plas-

mids encode fusion proteins, hSRC1 and GAL4, hNcoR and

GAL4, respectively.

2.3. Transient cotransfection assay

COS-1 cells were seeded at 5� 106 cells in 150 cm2

tissue culture flask, and cultured in Dulbecco’s Modified

Eagle Medium (DMEM) (GIBCO BRL, USA) with 10%

fetal bovine serum (FBS) under 5% CO2 at 37 jC over-

night. Transfections were performed with LipofectAMINE

(GIBCO BRL). The transfection mixture contained 125

Al of LipofectAMINE, 100 Al of LipofectAMINE Plus, 2.5

Ag of each PPAR expression plasmids and pMCMVneo-

hRXRa, 5 Ag of reporter plasmid pGL3-PPRE� 4-tk-luc-

neo and 5 Ag of pRL-tk (Promega). Cells were incubated in

25 ml of OPTI-MEM (GIBCO BRL) containing transfec-

tion mixture for 3 h under 5% CO2 at 37 jC. After the

addition of 25 ml of DMEM containing 0.1% fatty acid

free-bovine serum albumin (BSA), the cells were then

incubated for 1 day in 5% CO2 at 37 jC. Following
transfection, cells were detached by treatment with tryp-

sin-EDTA (GIBCO BRL), centrifuged and then suspended

in DMEM medium containing 0.1% fatty acid free-BSA.

The suspended cells were added to an OPAQUE PLATE

(white 96-well plate, COSTAR, USA) at a density of

8.8� 103 cells/well in 80 Al of DMEM medium containing

0.1% fatty acid free-BSA and 20 Al of test compound, and

then cultured in 5% CO2 at 37 jC for 2 days. After removal

of the medium, 40 Al of PICAGENE-LT7.5 (Wako, Japan)

was added. After stirring, luciferase activities were deter-

mined in a microplate-based luminescence reader (Amer-

sham Pharmacia, UK).

2.4. Binding assay

Binding assay of hPPARg or hPPARy was performed

using cell lysate of COS-1 cells expressing full-length

hPPARg or hPPARy. The expression plasmids were intro-

duced into the cells with LipofectAMINE as described in

Section 2.3. The transfection mixture contained 125 Al of
LipofectAMINE, 100 Al of LipofectAMINE Plus and 15 Ag
of hPPAR expression plasmid. The COS-1 cells containing

hPPAR were harvested and rinsed with TEG buffer (10 mM

Tris–HCl (pH 7.2), 50 mM EDTA, and 10% glycerol). The

cell pellet was resuspended in 1 ml of TEGM buffer (10 mM

Tris–HCl (pH 7.2), 1 mM EDTA, 10% glycerol, 1 mM h-
mercaptoethanol, 10 mM Na molybdate, 1 mM dithiothrei-

tol, and 2 tablets/100 ml protease inhibitor cocktail tablets

(Boehringer Mannheim, Germany)), and the suspension was

frozen in liquid nitrogen and thawed on ice to lyse the cells.

The cell lysate was centrifuged at 228,000� g for 20 min at

4 jC to remove cell debris and stored at � 80 jC until use.

The cell lysate containing full-length hPPARg1 (1.5 mg/ml

protein) was incubated in TEGM buffer with 20 nM

[3H]AD-5061 (16 Ci/mmol). The cell lysate containing

full-length hPPARy (0.5 mg/ml protein) was incubated in

TEGM buffer with 20 nM [3H]L-783483 (65 Ci/mmol).

Competitor ligands were added as indicated. The reaction

mixture was incubated for 16 h at 4 jC. Free ligand was

separated by incubation on ice for 10 min after the addition

of dextran/gelatin-coated charcoal (Berger et al., 1996).

After centrifugation at 910� g for 10 min, radioactivity in

supernatant was counted with Topcount (Packard, USA).

Human full-length PPARa in the binding assay was

expressed as a fusion protein with glutathion S-transferase

(GST) in Escherichia coli BL21. Cells were cultured in LB

medium for 1 h and overexpression was induced by addition

of isopropyl-thio-h-D-galactopyranoside (IPTG) to a final

concentration of 0.1 mM. The IPTG-treated cultures were

continued at 20 jC for an additional 16–18 h, and cells

were pelleted by centrifugation for 10 min at 10000� g and

disrupted by sonication. The GST-hPPARa fusion protein

was bound to glutathion-Sepharose beads and cleaved by

PreScission Protease (Amersham Pharmacia) between GST

moiety and hPPARa. The collected eluate contained full-

length hPPARa. Purified hPPARa (45 Ag/ml protein) was



Fig. 2. TAK-559 is a hPPARg1 activator. COS-1 cells were cotransfected

with expression plasmid for full-length hPPARg1, hRXRa expression

plasmid and reporter plasmid containing PPRE. Cells were cultured in the

presence of the indicated concentrations of TAK-559 (.), rosiglitazone (D)

or troglitazone (o) for 2 days. The cell extracts were assayed for luciferase

activity. Each data point represented fold induction relative to vehicle

control. Data are the meanF S.E.M. (n= 5).
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incubated in a binding buffer (10 mM Tris–HCl (pH 7.0),

50 mM KCl, and 10 mM dithiothreitol) with 500 nM

[3H]AD-5061 (16 Ci/mmol). Competitor ligands were

added as indicated. The reaction mixture was incubated

for 16 h at 4 jC. Free ligands were separated by gel

filtration using a 96-well MultiScreen Mini-column (Milli-

pore, USA) containing a suspension of Sephadex G-25

(Amersham Pharmacia) which was equilibrated in 25 mM

Tris–HCl (pH 7.0), 75 mM KCl, 15% glycerol, 0.05

TritonX-100, and 0.5 mM EDTA. Then radioactivity in

eluate was counted with Topcount (Packard).

2.5. Coactivator recruitment assay and corepressor disso-

ciation assay

Coactivatior recruitment assay and corepressor dissocia-

tion assay were performed using mammalian two-hybrid

method. Transfection of plasmid DNA was performed with

LipofectAMINE as described above. The transfection mix-

ture contained 125 Al of LipofectAMINE, 100 Al of Lip-
ofectAMINE Plus, a set of 2.5 Ag of each expression

plasmid pACT-hPPARg and pBIND-hSRC-1, pACT-

hPPARa and pBIND-hSRC-1, pACT-hPPARg and

pBIND-hNCoR, pACT-hPPARa and pBIND-hNCoR, and

5 Ag of reporter plasmid pG5luc (Promega). The transfected

cells were added to an OPAQUE PLATE (white 96-well

plate, COSTAR) at a density of 8.8� 103 cells/well in 80

Al of DMEM medium containing 0.1% fatty acid free-BSA

and 20 Al of test compound, and then cultured in 5% CO2 at

37 jC for 2 days. After removal of the medium, 40 Al of
PICAGENE-LT7.5 (Wako) was added. After stirring, lucif-

erase activities were determined in a microplate-based

luminescence reader (Amersham Pharmacia).

2.6. 3T3-L1 cell culture and aP2 mRNA measurements

using quantitative RT-PCR

3T3-L1 cells were maintained in DMEM medium

supplemented with 10% heat inactivated FBS under 5%

CO2 at 37 jC. Before the test compound was added, these

cells were seeded at 250 cells/well in 96-well plates and

cultured in 5% CO2 at 37 jC for 6 days. The medium was

changed every other day. The cells were treated with

DMEM medium supplemented with 10% heat inactivated

FBS, 10 Ag/ml of insulin (Sigma, USA) and each concen-

tration of TAK-559 or rosiglitazone for 4 days, changing

the medium and compounds every other day. After 2 and 4

days of adding compound, cells were harvested for RNA

analysis.

Total RNA was prepared from cells with RNeasy96

(QIAGEN, USA) according to the manufacturer’s instruc-

tions. To examine the partial agonist activity of TAK-559

for PPARg, aP2 mRNA, adipocyte-specific marker gene,

and 36B4 mRNA, as a known internal control, were

measured using real-time quantitative real-time quantitative

reverse transcription polymerase chain reaction (RT-PCR).
All aP2 mRNA values were normalized to 36B4 expression

in the same sample.

2.7. Statistical analysis

Data are expressed as the meanF S.E.M. In Fig. 3,

differences of means between the values of 10 AM rosigli-

tazone and various concentrations of TAK-559 were ana-

lyzed using Dunnett’s test. In the hPPARy transactivation

assay, differences of means between the presence and the

absence of hPPARy expression plasmid were analyzed using

t-test. In the binding assay, differences of means between the

vehicle control and other groups were analyzed using

Dunnett’s test. In the cofactor assay, differences of means

between the vehicle control and other groups were analyzed

using Dunnett’s test. In the aP2 mRNA measurement,

differences of means between the same concentration of

rosiglitazone and TAK-559 were analyzed using t-test. An

EC50 was expressed as the concentration showing 50% of

fold induction at the maximum concentration of each

compound using the least-squares linear regression. The

calculations were carried out with the SAS system.
3. Results

3.1. Transactivation of human PPAR subtypes

To examine the effect of TAK-559 (Fig. 1) on the full-

length human PPAR subtypes, COS-1 cells were transiently

transfected with each hPPAR expression plasmid, hRXRa

expression plasmid and reporter construct containing four

copies of the rat acyl-CoA oxidase PPRE, and then trans-

fected cells were treated with TAK-559.

TAK-559 activated hPPARg1 in a dose-dependent man-

ner as shown in Fig. 2. The EC50 values for the activation of

hPPARg1 by TAK-559, rosiglitazone and troglitazone were



Fig. 4. TAK-559 is a potent hPPARa activator. COS-1 cells were

cotransfected with expression plasmids for full-length hPPARa, hRXRa

expression plasmid and reporter plasmid containing PPRE. Cells were

cultured in the presence of the indicated concentrations of TAK-559 (n) or

Wy-14643 (.) for 2 days. The cell extracts were assayed for luciferase

activity. Each data point represented fold induction relative to vehicle

control. Data are the meanF S.E.M. (n= 5).
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31, 33 and 360 nM, respectively. TAK-559 was a partial

agonist with about 68% maximal activation of rosiglitazone

(Fig. 2). When assayed in the presence of 10 AM rosiglita-

zone, TAK-559 was a partial antagonist, inhibiting reporter

activity to the level of its own partial agonism (Fig. 3).

In the transactivation assay, TAK-559 activated hPPARa

more potently than Wy-14643, known as a PPARa agonist,

as shown in Fig. 4. The EC50 value of TAK-559 for the

PPARa activation was 67 nM.

To examine whether TAK-559 activates hPPARy, we

performed transient transactivation assays with or without

the hPPARy expression plasmid in the transfection mixture.

Fig. 5 showed that reporter activity was significantly acti-

vated at a high concentration (10 AM) of TAK-559 and

iloprost in the transactivation assay with hPPARy expres-

sion plasmid. On the other hand, PPARg agonist rosiglita-

zone did not activate hPPARy. In the assay without hPPARy
expression plasmid, a slightly increase in reporter activity

by TAK-559 was likely to be caused by the endogenous

nuclear receptor in COS-1 cells.

These results indicated that TAK-559 had potent agonist

activities for both hPPARg1 and hPPARa, and rather slight

agonist activity for hPPARy. Furthermore, TAK-559 was

also a partial agonist for hPPARg1.

3.2. Binding activity of TAK-559 for human PPAR subtypes

To examine whether the transactivation of hPPARg1,

hPPARa or hPPARy is due to direct binding of TAK-559, a

competition binding assay using radiolabeled ligand for

hPPARg1, hPPARa or hPPARy was performed.

A thiazolidinedione derivative AD-5061, which activated

both hPPARg and hPPARa, was ditritiated to use as a

radioligand for a binding assay of the full-length hPPARg1

and full-length hPPARa. Saturation binding analysis

revealed that [3H]AD-5061 bound specifically to hPPARg1

and hPPARa with a Kd value of 9.3 nM and 2.5 AM,

respectively (Sakamoto et al., 2000).
Fig. 3. TAK-559 is a partial agonist for hPPARg1. Dose response of

hPPARg1 for TAK-559 (.) and TAK-559 plus 10 AM rosiglitazone (o).

Each data point represented fold induction relative to vehicle control. Data

are the meanF S.E.M. (n= 3). **P< 0.01 vs. 10 AM rosiglitazone.
The binding of [3H]AD-5061 to full-length hPPARg1

was significantly reduced by TAK-559, rosiglitazone or

troglitazone in a dose-dependent manner as shown in Fig.

6A. As shown in Fig. 6B, TAK-559 and Wy-14643 dose-

dependently competed with [3H]AD-5061 binding to the

full-length hPPARa.

L-783483 (Fig. 1), a hPPARy agonist, was tritiated to use

as a radiolabeled ligand for a binding assay of the full-length

hPPARy. The binding of [3H]L-783483 to hPPARy was

significantly reduced by TAK-559 or Iloprost as shown in

Fig. 6C.

These results indicated that the transactivation of

hPPARg1, hPPARa or hPPARy by TAK-559 is due to the

direct binding of TAK-559 to each subtype.
Fig. 5. Effect of TAK-559 on hPPARy transactivation. COS-1 cells were

cotransfected with or without full-length hPPARy expression plasmid and

with both hRXRa expression plasmid and reporter plasmid. Cells were

cultured in the presence of 10 AM TAK-559, rosiglitazone (Rosi), Iloprost

(Ilo) or vehicle control (0.1% DMSO) for 2 days, and cell extracts were

assayed for luciferase activity. Each data point represented fold induction

relative to vehicle control. Data are the meanF S.E.M. (n= 5). **P < 0.01

vs. without hPPARy.



Fig. 7. TAK-559 dissociates corepressor from hPPARg and recruits

coactivator to hPPARg. COS-1 cells were cotransfected with expression

plasmid for full-length hPPARg1 as a VP16 fusion protein, GAL4-SRC-1

(A) or GAL4-NcoR (B) expression plasmid and (UAS)5-tk-Luciferase

reporter plasmid. Cells were cultured in the presence of the indicated

concentrations of TAK-559 or rosiglitazone for 2 days. The cell extracts

were assayed for luciferase activity. Data are the meanF S.E.M. (n= 5).

**P< 0.01 vs. vehicle.

Fig. 6. TAK-559 binds hPPAR subtypes. (A) Competition binding assays

were performed with cell extract containing hPPARg1 and 20 nM [3H]AD-

5061 in the presence of indicated concentrations of TAK-559, rosiglitazone

or troglitazone. (B) Competition binding assays were performed with

purified hPPARa and 500 nM [3H] AD-5061 in the presence of indicated

concentrations of TAK-559 or Wy-14643. (C) Competition binding assays

were performed with cell extract containing hPPARy and 20 nM [3H]L-

783483 in the presence of indicated concentrations of TAK-559 or Iloprost.

Data are expressed as the percentage of specific binding in the absence of

competitor (vehicle (V) (1% DMSO)). **P< 0.01 vs. vehicle.

J. Sakamoto et al. / European Journal of Pharmacology 495 (2004) 17–2622
3.3. Cofactor assay of TAK-559 for human PPARc1 and

human PPARa

To further clarify the mechanisms of agonist action of

TAK-559 for PPARg and PPARa, we examined the ability

of TAK-559 to recruit the coactivator to PPAR and to

release the corepressor from PPAR using mammalian two-

hybrid assay. The coactivator SRC-1 was dose-dependently

recruited to full-length hPPARg1 by both TAK-559 and

rosiglitazone, with similar potency (Fig. 7A). The corepres-
sor NCoR showed a constitutive interaction with hPPARg1

in the absence of ligand, and the interaction was dissociated

by both TAK-559 and rosiglitazone, dose-dependently (Fig.

7B). Next, to confirm the agonist function of TAK-559 on

hPPARa, we tested TAK-559 and Wy-14643 in a coactiva-

tor recruitment assay and corepressor dissociation assay.

TAK-559 and Wy-14643 caused the recruitment of SRC-1

(Fig. 8A and B) and the dissociation of NCoR (Fig. 8C and

D) from hPPARa in a dose-dependent manner.

3.4. PPARc target gene expression level in 3T3-L1

adipocyte cells

To further characterize the partial agonist activity of

TAK-559, we examined the level of PPARg target gene

expression in 3T3-L1 cells after treatment with TAK-559 or

rosiglitazone. 3T3-L1 cells were treated for 2 or 4 days with

the indicated concentration of TAK-559 or rosiglitazone and

mRNA levels of aP2, the known target gene for PPARg,

were measured using the real-time quantitative RT-PCR

method. Both TAK-559 and rosiglitazone dose-dependently

increased aP2 expression after 2 and 4 days of treatment as



Fig. 8. TAK-559 dissociates corepressor from hPPARa and recruits coactivator to hPPARa. COS-1 cells were cotransfected with expression plasmid for full-

length hPPARa as a VP16 fusion protein, GAL4-SRC-1 (A and B) or GAL4-NCoR (C and D) expression plasmid and (UAS)5-tk-Luciferase reporter plasmid.

Cells were cultured in the presence of the indicated concentrations of TAK-559 (A and C) or Wy-14643 (B and D) for 2 days. The cell extracts were assayed for

luciferase activity. Data are the meanF S.E.M. (n= 5). **P < 0.01 vs. vehicle.

Fig. 9. Comparison of aP2 mRNA expression stimulated by TAK-559 and

rosiglitazone. Confluent 3T3-L1 cells were cultured in the presence of the

indicated concentrations of TAK-559 (E) or rosiglitazone (n) (0.1%

DMSO). After 2 or 4 days of adding compounds, cells were harvested for

RNA analysis. Both aP2 mRNA and 36B4 mRNA were measured using

real-time PCR. All aP2 mRNA values were normalized to 36B4 expression

in the same sample. Data are the meanF S.E.M. (n= 5). *P < 0.05 and

**P < 0.01 vs. rosiglitazone.
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shown in Fig. 9. The aP2 mRNA levels after 2 and 4 days

treatment with 10 AM TAK-559 were significantly lower

than those with 10 AM rosiglitazone (Fig. 9). Thus, the

lower efficacy of TAK-559 for the aP2 mRNA induction

was paralleled by a limited efficacy of TAK-559 in tran-

scriptional activity via hPPARg1.
4. Discussion

Since the metabolic syndrome has been reported to

increase the risk of type 2 diabetes (Lorenzo et al., 2003),

it is thought that effective diabetic medical treatment is

caused by improvement of the metabolic syndrome by the

enhancement of insulin sensitivity and the amelioration of

dyslipidemia. Although PPARg agonist and PPARa agonist

have been developed as an insulin-sensitizing drug and

lipid-lowering drug, respectively, recently it is expected that

single compound with both agonist activities for PPARg and

PPARa is superior to the individual agonist (Willson et al.,

2000).

TAK-559 showed potent agonist activities for both

hPPARg1 and hPPARa (Figs. 2 and 4). When the EC50

value of TAK-559 was compared to those of the thiazolidi-

nediones in the hPPARg1 transactivation assay, a rank of

potency was TAK-559 = rosiglitazone>troglitazone (Fig. 2).

The rank of activation activities of thiazolidinedione for

hPPARg1 coincided with the rank order of the activation of

glucose transport in 3T3-L1 adipocyte and the antihyper-

glycemic activity in C57B1/6 ob/ob mice (Young et al.,
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1998). Additionally, we demonstrated that the ability of

TAK-559 to recruit the coactivator SRC-1 to full-length

hPPARg1 and to dissociate the corepressor NCoR from full-

length hPPARg1 was as the same level as that of rosiglita-

zone (Fig. 7). These results indicated that the TAK-559 and

rosiglitazone activated hPPARg1 by the same mechanism,

so it is expected that TAK-559 has the antidiabetic activity

as well as rosiglitazone in human.

TAK-559 also showed a potent agonist activity for

hPPARa in the transactivation assay (Fig. 4), and it was

confirmed by the result in binding assay (Fig. 6) and

cofactor assay (Fig. 8). In the transactivation assay, the

agonist activity of TAK-559 for hPPARg1 and hPPARa was

nearly equal; EC50 values were 31 and 67 nM, respectively.

It has been reported that treatment of rats with rosiglitazone

(10 mg/kg/d) and fenofibrate (400 mg/kg/day) together

resulted in a significantly more pronounced lowering of

triglyceride concentration of serum compared with that of

rats treated with each drug alone (Lefebvre et al., 1997).

Therefore, TAK-559, a dual agonist of PPARg and PPARa,

may combine the benefits of insulin sensitization and lipid

lowering. Indeed, TAK-559 had potent hypoglycemic and

hypotriglyceridemic activities in animal models of type 2

diabetes with insulin resistance (Suzuki et al., 2004).

Although thiazolidinediones have made a great contri-

bution to therapy for type 2 diabetes, it has been reported

that weight gain is one of side effects of thiazolidinediones

(O’Moore-Sullivan and Prins, 2002). Since the mechanism

of body weight gain can be explained by adipogenesis

which PPARg agonist activity of thiazolidinedione induced,

it is expected that a partial PPARg agonist have less of an

effect on body weight gain than PPARg full agonist (thia-

zolidinedione). Additionally, recent studies have reported

that PPARg2 Pro12Ala polymorphism is associated with

lower body mass index and improved insulin sensitivity, and

the maximal activity of this receptor stimulated by rosigli-

tazone was approximately 70% of that of wild type (Deeb et

al., 1998). Furthermore, Kubota et al. have reported that the

heterozygous PPAR+/� mice were partially protected from

weight gain and the development of insulin resistance under

a high-fat diet when compared to the wild type (Kubota et

al., 1999). These information suggest that the middle

activation of PPARg, namely PPARg partial agonist activ-

ity, may prevent obesity and diabetes. TAK-559 had partial

agonist and partial antagonist activities for hPPARg in the

cell-based transactivation assay (Fig. 3). We also demon-

strated that the expression level of the PPARg target gene

induced by TAK-559 was lower than that by rosiglitazone in

3T3-L1 cells (Fig. 9). According to a report recently

released by Joel p. Berger et al., non-thiazolidinedione

selective PPARg modulator (nTZDpa) was able to partially

activate PPARg and could also antagonize transcriptional

effect of rosiglitazone as well as TAK-559 in cell-based

assay. Furthermore, in chronic treatment of fat-fed, admin-

istration of nTZDpa (PPARg partial agonist) or PPARg full

agonist to C57BL/6J mice improved hyperglycemia and
hyperinsulinemia. However, unlike PPARg full agonist,

nTZDpa (PPARg partial agonist) caused reductions in

weight gain and adipose depot size (Berger et al., 2003).

Hence, TAK-559, a PPARg partial agonist, may also im-

prove hyperglycemia and hyperinsulinemia without weight

gain.

Unlike partial agonist activities of TAK-559 in both the

transactivation assay of hPPARg1 using COS-1 cells and

the estimation of PPARg target gene expression level in

3T3-L1 cells, the ability of TAK-559 that recruit SRC-1 to

hPPARg1 and dissociate NCoR from hPPARg1 were not

distinguished from that of rosiglitazone (Fig. 7). The partial

agonist activity of TAK-559 may be dependent on cofactors

other than SRC-1 and NCoR.

Both TAK-559 and iloprost more significantly induced

the reporter gene expression in cells transfected with

hPPARy expression plasmid rather than without the

hPPARy expression plasmid (Fig. 5). Thus, the reporter

gene expression induced by either TAK-559 or iloprost was

dependent on the exogenous expression of hPPARy in COS-
1 cells. However, since TAK-559 has less agonist activity

for hPPARy than that for hPPARg or hPPARa, treatment

with TAK-559 of the concentration, at which hPPARg and

hPPARa were activated, may have no effect for the serum

lipid profile, unlike a potent PPARy agonist GW-501516

(Oliver et al., 2001).

TAK-559 has a PPARg/a dual agonist activity as well as

previously reported dual agonist, such as KRP-297 (Mur-

akami et al., 1998), AZ-242 (Ljung et al., 2002) and NN-

622 (Lohray et al., 2001; Sauerberg et al., 2002). In GAL4-

hPPAR ligand binding domain (LBD) transactivation assay

system using CV-1 cells, KRP-297 activated both hPPARg

and hPPARa with the EC50 values of 800 and 1000 nM,

respectively. And, KRP-297 lowered plasma glucose, insu-

lin, TG and free fatty acid levels in obese rat (Murakami et

al., 1998). Ljung et al. have described that AZ-242 was a

dual agonist for mouse PPARg and human PPARa with the

EC50 values of 250 and 1700 nM, respectively, in GAL4-

PPAR LBD system using U-2 OS cells. And AZ-242 dose-

dependently reduced the hypertriglyceridemia, hyperinsuli-

nemia and hyperglycemia of ob/ob diabetic mice (Ljung et

al., 2002). NN-622 was reported to activate both hPPARg

(EC50 = 570 nM) and hPPARa (EC50 = 3200 nM) in GAL4-

PPAR LBD transactivation assay system using HEK293

cells (Sauerberg et al., 2002). Furthermore, treatment with

NN-622 reduced more plasma glucose and triglyceride

levels than that with rosiglitazone (Lohray et al., 2001).

Thus, previous reported PPARg/a dual agonists had potent

hypoglycemic and hypotriglyceridemic activities in animal

models. However, these previous studies have not reported

whether these compounds have PPARg partial agonist

activities. Therefore, TAK-559 may differ from other

PPARg/a agonists in that it is a PPARg partial agonist, so

it is expected that TAK-559 has better efficacy as therapies

for type 2 diabetes and metabolic syndrome than previously

reported dual agonists.
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