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Abstract
Aims/hypothesis The effect of the benzopyran derivative
T33, a novel non-thiazolidinedione agent, was studied on
peroxisome proliferator-activated receptors (PPARs), insu-
lin signalling and glucose uptake in adipocytes and skeletal
muscle. We hypothesised that T33 could activate
PPARγ and exert a beneficial effect on insulin action on
glucose uptake and lipid metabolism.
Materials and methods Using a cell-based reporter gene
assay, T33 was identified as a PPARα/γ dual agonist,
which activated human PPARγ and PPARα with EC50

values of 19 and 148 nmol/l, respectively. The effect of T33
on glucose metabolism was studied in cultured 3T3-L1
adipocytes and L6 myotubes. In vivo effects of T33 on
skeletal muscle were determined in ob/ob mice treated with
8 mg/kg T33. The effect of T33 on metabolic abnormalities
was observed in diet-induced obese mice.

Results Exposure of 3T3-L1 adipocytes to T33 for 4 days
increased basal and insulin-stimulated glucose uptake, with
no effect noted in L6 myotubes. Treatment of ob/ob mice
for 20 days with T33 normalised basal and insulin-
stimulated glucose uptake and increased phosphorylation
of Akt and p38 mitogen-activated protein kinase in skeletal
muscle. In contrast, phosphorylation of AMP-activated
protein kinase was unaltered. Moreover, T33 improved
insulin sensitivity and lipid metabolism in diet-induced
obese mice.
Conclusions/interpretation T33 is non-thiazolidinedione
PPARα/γ dual agonist which directly increases basal and
insulin-stimulated glucose uptake in adipocytes and sec-
ondarily improves insulin action on insulin signalling and
glucose metabolism in skeletal muscle from diabetic ob/ob
mice.
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Abbreviations
AMPK AMP-activated protein kinase
CMC carboxymethylcellulose
DIO diet-induced obese
EDL extensor digitorum longus
FBS fetal bovine serum
KHB Krebs–Henseleit buffer
LXR liver X receptor
MAPK mitogen-activated protein kinase
PPAR peroxisome proliferator-activated receptor
RXR retinoid X receptor
TZD thiazolidinedione
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Introduction

The global incidence of non-insulin-dependent type 2
diabetes mellitus is dramatically increasing and the greatest
number of newly diagnosed patients is expected to be
among young adults [1]. Type 2 diabetes is characterised by
abnormal carbohydrate, lipid and protein metabolism,
which is attributed to diminished production of insulin or
defective insulin action (insulin resistance) [2]. Insulin
resistance is a fundamental characteristic of type 2 diabetes,
which is associated with hyperglycaemia, hyperinsulinae-
mia, dyslipidaemia, obesity and atherosclerotic vascular
disease [3]. Ameliorating insulin resistance is one important
strategy in the development of new pharmacological treat-
ments for type 2 diabetes.

Under insulin-stimulated conditions, approximately 80%
of glucose disposal occurs in skeletal muscle, whereas
adipose tissue accounts for a comparatively smaller fraction
of whole-body glucose uptake [4, 5]. Glucose transport is
the first rate-limiting step in glucose metabolism and a
major site of insulin resistance in type 2 diabetes [6].
Impaired insulin signalling is associated with defects in
glucose uptake in skeletal muscle and adipose tissue in
insulin-resistant humans [7]. Strategies to enhance insulin
signalling and glucose uptake may be efficacious in
improving the altered glucose homeostasis characteristic
in type 2 diabetes.

The peroxisome proliferator-activated receptors (PPARs)
are members of a nuclear transcription factor superfamily.
Three PPAR subtypes, PPAR α, δ and γ have been
discovered, and different PPAR subtypes play specialised
roles in metabolic disease [8]. PPARγ is produced mainly
in adipose tissue and plays a central role in adipogenesis
and glucose homeostasis [9, 10]. PPARα is present at high
concentrations in the liver and contributes to hepatic lipid
metabolism. Activation of PPARγ modulates the expres-
sion of genes associated with carbohydrate, lipid and
protein metabolism, which influence glucose uptake and
insulin sensitivity [9]. Because of the central role of PPAR
isoforms in metabolism, they have become attractive targets
for drug discovery aimed at improving insulin sensitivity.

Thiazolidinediones (TZDs) are widely used oral glucose-
lowering drugs which are high-affinity ligands for PPARγ
and have hypoglycaemic and insulin-sensitising effects.
TZDs improve glucose homeostasis by increasing insulin
sensitivity in peripheral tissue [11–13]. The lipid-modulat-
ing activities of fibrates are presumably due to specific
activation of PPARα. Activation of PPARα lowers triacyl-
glycerol and elevates plasma HDL-cholesterol levels [14,
15]. Since type 2 diabetic patients often develop hyper-
glycaemia, dyslipidaemia and insulin resistance, novel
approaches aiming to combine the insulin-sensitising effect
of PPARγ agonists with the hypolipidaemic effects of

PPARα agonists have been considered. Dual PPARα/γ
agonists are expected to be more beneficial in ameliorating
major metabolic disorders than either a PPARα- or PPARγ-
selective agonist alone. Whether PPARγ agonists or
PPARα/γ dual agonists have direct effects on skeletal
muscle or adipocytes is unknown.

The benzopyran derivative T33, originally named T11, is
a novel non-thiazolidinedione agent which stimulates
differentiation of 3T3-L1 pre-adipocytes to adipocytes
[16]. Since PPARγ is the major modulator controlling the
pre-adipocyte switch to fully differentiated adipocytes, we
hypothesised that T33 activates PPARγ. We determined the
effect of T33 on PPARs, as well as the acute and chronic
effect on glucose uptake in adipocytes and skeletal muscle
using in vitro and in vivo approaches in ob/ob and dietary-
induced insulin-resistant mice.

Materials and methods

Cell-based reporter gene assay Transient transfection
experiments for the analysis of nuclear receptor activation
were performed in Caco-2 subclone TC7 cells, a colon
adenocarcinoma cell line, in 96-well plates. For batch trans-
fections, cells were seeded at a concentration of 4.0×106

cells/225 cm2 and incubated for 24 h in medium contain-
ing DMEM, 10% charcoal/dextran-treated fetal bovine
serum (FBS), non-essential amino acids (0.1 mmol/l) and
L-glutamine (4 mmol/l) (Invitrogen, San Diego, CA,
USA). Cells were co-transfected with 5 μg pCMXGal4-
receptor plasmid (where the ligand binding of the
respective receptor was fused to the Gal4 DNA-binding
domain) and 50 μg 4* Gal4re-luciferase reporter plasmid
using FuGENE-6 (Roche, Basel, Switzerland) at 6 μl/μg
DNA. Cells were seeded at a concentration of 25,000 cells
per well and incubated for ∼5 h and subsequently treated
with compounds (30 μmol/l to 50 nmol/l) in serum-free
medium. The final concentration of charcoal/dextran FBS
during induction was 5%. After 24 h, cells were harvested
in buffer (0.1 mol/l Tris-HCl, 2 mol/l EDTA, 0.25% Triton
X-100) and analysed for luciferase activity using a
Luciferase Assay Kit (Bio Thema AB, Handen, Sweden).
For curve fitting, Xlfit version 3.0.2 was used.

3T3-L1 cell differentiation and glucose uptake 3T3-L1 pre-
adipocytes were maintained at ∼70% confluence in DMEM
supplemented with 10% FBS, 25 mmol/l glucose and
antibiotics (DMEM/FBS). Cells were grown for 2 days
post-confluence and cultured in DMEM/FBS supplemented
with 1 μg/ml insulin, 1 μmol/l dexamethasone and
0.5 mmol/l 3-isobutyl-1-methylxanthine for 3 days. Medi-
um was replaced with DMEM/FBS supplemented with only
1 μg/ml insulin for 3 days and then DMEM/FBS alone for
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2 days. Cytoplasmic triacylglycerol droplets were visible on
day 5 after initiation of differentiation. Differentiated cells
were used when ∼90% of the cells showed an adipocyte
phenotype.

3T3-L1 adipocytes were incubated with T33 or rosigli-
tazone for 6 h or 4 days. Medium containing 0.1% DMSO
was used as vehicle. Glucose uptake was determined after
T33 or rosiglitazone treatment. Cells were washed twice
with pre-warmed (37°C) PBS and incubated with Krebs–
BSA buffer (140 mmol/l NaCl, 5 mmol/l KCl, 2.5 mmol/l
MgSO4, 1 mmol/l CaCl2, 20 mmol/l HEPES, 0.5% BSA,
pH 7.4) with or without insulin (basal state) for 15 min,
followed by addition of 0.05 mmol/l 2-deoxy-D-glucose
and 1.85×104 Bq/ml 2-deoxy-D-[1,2-3H]glucose for 5 min.
The assay was terminated by washing the cells three times
with ice-cold PBS. Cells were solubilised with 0.1% Triton
X-100 and radioactivity was determined in a liquid
scintillation counter (Beckman LS6500, Fullerton, CA,
USA). Total cellular protein concentration was measured
by the Bradford method (BioRad, Richmond, CA, USA).
Non-specific glucose uptake was determined by treating
cells with 10 μmol/l cytochalasin-B, and this value was
subtracted from all data. Glucose uptake assays were
performed in triplicate at least three times.

L6 cells differentiation and glucose uptake L6 myoblasts
were cultured in DMEM supplemented with 10% FBS.
Confluent cells were differentiated to myotubes by
culturing with DMEM supplemented with 2% FBS for
6 days. L6 myotubes were treated with T33 or
rosiglitazone for 4 days. Glucose uptake was performed
in 12-h serum-starved cells. Cells were washed with
Krebs–Ringer phosphate-HEPES buffer (KRHB;
130 mmol/l NaCl, 5 mmol/l KCl, 1.3 mmol/l MgSO4,
1.3 mmol/l CaCl2, 25 mmol/l HEPES, pH 7.4) and
incubated in KRHB containing 0.1% BSA with or without
100 nmol/l insulin for 40 min. Cells were incubated with
0.05 mmol/l 2-deoxy-D-glucose and 1.85×104 Bq/ml
2-deoxy-D-[1,2-3H]glucose for 10 min. The assay was
terminated by washing the cells three times with ice-cold
PBS. Cells were solubilised with 0.05 mol/l NaOH and
radioactivity was determined by liquid scintillation count-
ing (Beckman LS6500). Total cellular protein concentra-
tion was measured by the Bradford method (BioRad).
Glucose uptake was performed in triplicate at least three
times.

Animal treatment and muscle isolation Six- to seven-week-
old mice (ob/ob and lean control mice) were purchased
from Jackson Laboratories (Bar Harbor, ME, USA) and
maintained under a 12-h light-dark cycle with free access to
water and food. Animal experiments were approved by the
local ethics board.

Based on fasting blood glucose values (first criterion)
and initial body weights (second criterion), ob/ob mice
were assigned to three groups and subjected to gavage-
treatment once daily with vehicle (1% carboxymethylcellu-
lose; CMC), T33 (8 mg/kg) or rosiglitazone (4 mg/kg),
respectively. Lean mice were treated with vehicle (1%
CMC). After 20 days, 5-h fasted mice were anaesthetised
with an i.p. injection of sodium pentobarbital (40 mg/kg
body weight). Soleus and extensor digitorum longus (EDL)
muscles were isolated for 2-deoxyglucose uptake and
protein phosphorylation measurements, respectively.

T33 treatment in diet-induced obese (DIO) mice C57BL/6J
male mice (3–4 weeks) were purchased from Shanghai
SLAC Laboratory Animal Co., Ltd (Shanghai, China) and
maintained under a 12-h light-dark cycle with free access to
water and food. Mice were fed a formulated research diet
containing 60% energy as fat (no. D12492i; Research Diets,
New Brunswick, NJ, USA) for 12 weeks before and
throughout the duration of the experiment. DIO mice were
assigned to four groups and subjected to gavage treatment
once per day with vehicle (1% CMC), T33 (4 or 8 mg/kg)
or rosiglitazone (4 mg/kg), respectively, for 28 days.
Fasting blood glucose values and initial body weights were
comparable between groups. Fasting blood glucose values
were measured using a One-Touch Basic Glucose Monitor
(Lifescan, Milpitas, CA, USA). Glucose tolerance, insulin
tolerance and lipid tolerance were determined on day 18,
day 22 and day 25 of the treatment, respectively. Glucose
tolerance was determined in fasted mice (1 g/kg glucose
administered by i.p. injection). Insulin tolerance was
determined in 5-h fasted mice (0.5 U/kg insulin adminis-
tered by an i.p. injection). Lipid tolerance was determined
in overnight-fasted mice that were orally challenged with
10 ml/kg 20% intralipid. Serum triacylglycerol was
measured before and after administration of the lipid load.
Serum was collected for determination of insulin, triacyl-
glycerol and NEFA concentration.

2-Deoxyglucose uptake in isolated soleus muscle Incuba-
tion media were prepared from pre-gassed (95% O2/5% CO2)
Krebs–Henseleit buffer (KHB) (NaCl 118.5 mmol/l, KCl
4.7 mmol/l, KH2PO4 1.2 mmol/l, NaHCO3 25.0 mmol/l,
CaCl2.2H2O 2.5 mmol/l, MgCl2.7H2O 1.2 mmol/l) supple-
mented with 0.1% RIA-grade BSA and 5 mmol/l HEPES.
The gas phase (95% O2/5% CO2) and temperature (30°C)
were maintained during the muscle incubations. Soleus
muscles were pre-incubated in KHB buffer containing
5 mmol/l glucose and 15 mmol/l mannitol, with or
without 12 nmol/l insulin for 30 min and then rinsed in
glucose-free KHB buffer with or without insulin for
10 min. Muscles were transferred to vials containing
1 mmol/l 2-deoxy-D-[1,2-3H]glucose (9.25×104 Bq /ml) and
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19 mmol/l [14C]mannitol (2.59×104 Bq/ml) with or without
12 nmol/l insulin and incubated for 20 min. 2-Deoxyglucose
uptake directly reflects glucose transport and not metabolism
in mouse skeletal muscle when used under the present
condition [17]. Muscles were frozen in liquid nitrogen and
processed as described [18]. Glucose transport activity is
expressed as μmol glucose analogue accumulated ml−1

intracellular water h−1.

Protein phosphorylation in isolated EDL muscle EDL
muscles were pre-incubated in KHB buffer containing
5 mmol/l glucose and 15 mmol/l mannitol for 30 min,
followed by incubation in the same buffer with or without
120 nmol/l insulin for 20 min. EDL muscles were frozen in
liquid nitrogen for subsequent analysis.

Protein preparation After treatment with T33 or rosiglita-
zone, 3T3-L1 adipocytes were washed once in ice-cold PBS
and harvested directly by scraping into ice-cold lysis buffer
(137 mmol/l NaCl, 2.7 mmol/l KCl, 1 mmol/l MgCl2,
0.5 mmol/l Na3VO4, 1% Triton X-100, 10% glycerol,
20 mmol/l Tris-HCl [pH 7.8], 1 μg/ml leupeptin,
0.2 mmol/l phenylmethylsulfonyl fluoride, 10 mmol/l NaF,
1 μg/ml aprotinin, 1 mmol/l EDTA, 1 mmol/l dithiothreitol,
5 mmol/l Na pyrophosphate, 1 mmol/l benzamidine). Homog-
enates were sonicated (twice for 6 s), rotated for 40 min, and
centrifuged (12,000×g for 10 min at 4°C). Supernatant
fractions were collected, and protein concentrations were
determined using the Bradford method. EDL muscles were
homogenised on ice in 0.3 ml lysis buffer and protein was
determined as described above.

Western blot analysis Equal amounts of proteins were
separated by SDS-PAGE (7.5% resolving gel), transferred
to polyvinylidene difluoride membranes (Millipore, Bedford,
MA, USA), and blocked with 7.5% non-fat milk. Membranes
were incubated with a phospho-specific antibody overnight
(4°C), and washed with Tris-buffered saline with Tween
(10 mmol/l Tris, 140 mmol/l NaCl, 0.02% Tween 20 [pH
7.6]). The following phospho-specific antibodies (1:1,000)
were used: phospho-Akt antibody, recognising Akt phos-
phorylation at Ser473; phospho-p38 mitogen-activated
protein kinase (MAPK) antibody, recognising p38MAPK
phosphorylation at Thr180 and Tyr182; and phospho-AMP-
activated protein kinase (AMPK) antibody, recognising
AMPK phosphorylation at Thr172. Membranes were
probed with horseradish peroxidase-conjugated secondary
antibody (1:3,000; BioRad) and washed in Tris-buffered
saline with Tween. Antibodies were from Cell Signaling
(Beverly, MA, USA). Phosphorylated proteins were
detected using an ECL Plus Western Blotting Detection
System (Amersham, Arlington Heights, IL, USA) and
quantified by densitometry. Membranes were incubated in

stripping buffer (1 mmol/l Tris [pH 6.7], 10% SDS and β-
mercaptoethanol), extensively washed, and subjected to
immunoblot analysis using antibodies that recognise Akt
(1:1,000), p38MAPK (1:1,000) or AMPK (1:1,000)
protein, respectively.

Statistics Results are expressed as means±SEM. The
statistical analysis was performed using a two-tailed
unpaired t test for dual samples. p<0.05 was considered
to be statistically significant.

Results

Cell-based reporter gene assays The potency and selectiv-
ity of T33 on the activation of human PPARα, PPARγ,
PPARδ, liver X receptor (LXR)-α and retinoid X receptor
(RXR)-α were determined using a reporter gene assay.
Rosiglitazone and GW2313 were synthesised by Biovitrum,
AB (Stockholm, Sweden) and used as positive controls for
agonist action on PPARγ and PPARα, respectively. EC50

values are presented in Table 1. T33 activated PPARα and
PPARγ. The EC50 of T33 on the activation of PPARγ was
19 nmol/l, whereas the EC50 of rosiglitazone was 23 nmol/l.
T33 showed less potency for PPARα, compared with
GW2313. The EC50 of T33 was 148 nmol/l, whereas the
EC50 of GW2313 was 38 nmol/l. T33 did not show any
agonistic effect against PPARδ, LXRα or RXRα. There-
fore, T33 is a dual agonist against PPARα and PPARγ.

Glucose uptake in 3T3-L1 adipocytes 3T3-L1 adipocytes
were incubated with different concentrations of T33 for 6 h
(short-term) or 4 days (long-term). Basal and insulin-
stimulated glucose uptake was unaltered after a 6-h incuba-
tion with 0.01, 0.1 or 1 μmol/l T33 or rosiglitazone (data
not shown). After 4 days of incubation with T33, basal and
insulin-stimulated glucose uptake in 3T3-L1 adipocytes
was increased (Fig. 1). Basal glucose uptake increased 82%
(p<0.05) after treatment with 0.1 μmol/l T33. Insulin-stim-

Table 1 Activation by T33 of human PPARα, PPARγ, PPARδ,
LXRα and RXRα

Compound EC50 (nmol/l)

PPARγ PPARα PPARδ LXRα RXRα

T33 19 148 NO NO NO
Rosiglitazone 23 ND ND ND ND
GW2313 ND 38 NO ND ND

NO, no measurable activity against specified receptor when compound
was studied at a concentration of 30 μmol/l
ND, not determined

Diabetologia (2007) 50:1048–1057 1051



ulated glucose uptake was increased 32% (0.1 nmol/l
insulin) and 48% (1 nmol/l insulin) following exposure to
0.1 μmol/l T33 (p<0.05). Basal and insulin-stimulated 2-
deoxyglucose uptake was also increased after a 4-day
exposure to 1 μmol/l T33 (p<0.5).

Glucose uptake in L6 myotubes L6 myoblasts were differ-
entiated into myotubes and incubated in the presence of
different concentrations of T33 for 4 days. Insulin increased
glucose uptake in L6 myotubes 1.2-fold (p<0.05). A 40-min
exposure of myotubes to 100 nmol/l insulin increased
glucose uptake by 25% (p<0.05). Conversely, a 4-day

treatment of myotubes with 0.1 or 1 μmol/l T33 or
rosiglitazone was without effect on either basal or insulin-
stimulated glucose uptake (Fig. 2).

Glucose uptake in isolated soleus muscle from T33- or
rosiglitazone-treated ob/ob mice Mice were treated with
T33, rosiglitazone or vehicle for 20 days and isolated
skeletal muscle was dissected for glucose uptake and
protein phosphorylation. Basal and insulin-stimulated 2-
deoxyglucose uptake was significantly impaired in soleus
muscles from ob/ob compared with lean mice (Fig. 3).
Insulin-stimulated glucose uptake was reduced by 54% in
soleus muscle from ob/ob mice, suggesting severe insulin
resistance. T33 treatment improved basal and insulin-
stimulated glucose uptake in soleus muscle from ob/ob
mice. Basal and insulin-stimulated glucose uptake was
increased by 77 and 78%, respectively, following T33
treatment. Rosiglitazone had a similar effect to improve
basal and insulin-stimulated glucose transport in ob/ob
mice.
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Fig. 1 Long-term effect of T33 on glucose uptake in 3T3-L1
adipocytes. a Differentiated 3T3-L1 adipocytes were incubated with
0.01 μmol/l T33 or rosiglitazone for 4 days. b Differentiated 3T3-L1
adipocytes were incubated with 0.1 μmol/l T33 or rosiglitazone for
4 days. c Differentiated 3T3-L1 adipocytes were incubated with
1 μmol/l T33 or rosiglitazone for 4 days. The vehicle control
contained 0.1% DMSO. 2-Deoxyglucose uptake was measured under
basal or insulin-stimulated conditions. Values are expressed as fold
over basal vehicle control. n=3–4. Means±SEM. *p<0.05, **p<0.01
vs vehicle control group of each condition. Open bars, control; black
bars, T33; hatched bars, rosiglitazone

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

G
lu

co
se

 u
pt

ak
e 

(f
ol

d 
of

 b
as

al
)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

Basal Insulin 100 nmol/l

Basal Insulin 100 nmol/l

G
lu

co
se

 u
pt

ak
e

(f
ol

d 
of

 b
as

al
)

*

a

b

*

Fig. 2 Long-term effect of T33 on the glucose uptake in L6 myotubes.
a Differentiated L6 myotubes were incubated with 0.1 μmol/l T33 or
rosiglitazone for 4 days. b Differentiated L6 myotubes were incubated
with 1 μmol/l T33 or rosiglitazone for 4 days. The vehicle control
contained 0.1% DMSO. 2-Deoxyglucose uptake was measured under
basal or insulin-stimulated conditions. Values are expressed as fold
over basal vehicle control. n=3. Means±SEM. *p<0.05 vs vehicle
control group of each condition. Open bars, control; black bars, T33;
hatched bars, rosiglitazone
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Effects of T33 on the protein phosphorylation in 3T3-L1
adipocytes Insulin exposure increased Akt phosphorylation,
but had no effect on the phosphorylation of p38MAPK and
AMPK in 3T3-L1 adipocytes (Fig. 4). After 4 days of
treatment of 3T3-L1 adipocytes with 0.1 μmol/l T33, Akt
phosphorylation was markedly enhanced under basal and
insulin-stimulated conditions (2.7- and 1.4-fold, respective-
ly), whereas phosphorylation of p38MAPK and AMPK was
unaltered. T33-mediated glucose uptake in 3T3-L1 cells was
increased in concert with increased Akt phosphorylation.

Protein phosphorylation in isolated EDL muscle from T33-
treated ob/ob mice After a 20-day treatment with T33,
rosiglitazone or vehicle, EDL muscles were isolated and
phosphorylation of Akt, p38MAPK and AMPK was
determined (Fig. 5). Compared with lean mice, the
phosphorylation of Akt in EDL muscles from ob/ob mice
was reduced by 62 and 56% under basal and insulin-
stimulated conditions, whereas the Akt protein level was
unchanged. p38MAPK phosphorylation was reduced by 27
and 26% in EDL muscle of ob/ob mice compared with lean
mice, whereas p38MAPK protein levels were similar
between lean and ob/ob mice. Phosphorylation and protein
levels of AMPK were similar in EDL muscles from lean
and ob/ob mice. In vivo T33 treatment increased Akt and
p38MAPK phosphorylation under basal and insulin-stimu-
lated conditions, whereas AMPK phosphorylation was
unaltered. Basal and insulin-stimulated Akt phosphoryla-
tion was increased 2.1- and 1.9-fold and p38MAPK
phosphorylation increased 1.5- and 1.3-fold, respectively,
following T33 treatment.

Effect of T33 on metabolic abnormalities of DIO
mice C57BL/6J mice fed a high-fat diet develop moderate
obesity, mild hyperglycaemia, dyslipidaemia and insulin
resistance. T33 treatment lowered fasting blood glucose and
improved glucose tolerance in DIO mice (Fig. 6). Rosigli-
tazone showed a similar effect. Insulin tolerance was
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improved in DIO mice after T33 treatment. Rosiglitazone
treatment improved insulin tolerance, but this effect was
less pronounced compared with T33 treatment. Serum
triacylglycerol, NEFA and insulin levels were improved

after either T33 or rosiglitazone treatment. T33 and
rosiglitazone treatment significantly improved serum tri-
acylglycerol clearance. T33 showed a better reduction in
reducing triacylglycerol level than rosiglitazone (61% for
T33-treated vs 30% for rosiglitazone-treated). T33 and
rosiglitazone did not alter body weight and the food intake
in DIO mice. However, 8 mg/kg T33 treatment lowered the
weight of subcutaneous fat significantly, whereas rosiglita-
zone was without effect on adipose tissue mass.

Discussion

PPARs are ligand-activated transcription factors which play a
key role in maintaining glucose and lipid homeostasis.
Fibrates and TZDs used in the treatment of dyslipidaemia
are ligands for PPARα and PPARγ, respectively. PPAR
agonists, especially dual PPARα/γ agonists, have emerged as
an important target for the treatment of insulin resistance and
dyslipidaemia [19–21]. In our previous study [16], the
insulin-sensitising effect of a series of benzopyran derivatives
revealed T33 exhibited more potential ability to promote
differentiation in 3T3-L1 cells. Moreover, T33 treatment has
potent and efficacious hypoglycaemic, hypolipidaemic and
insulin-sensitising effects in ob/ob mice [22]. We evaluated
the activation of T33 on different PPAR isoforms and
determined the effect on glucose uptake in adipocyte and
skeletal muscle. We also determined the effect of T33 on
signalling cascades known to regulate glucose uptake.

In the reporter gene assay, we used rosiglitazone and
GW2313 as positive controls for PPARγ and PPARα,
respectively. These results showed that rosiglitazone is a
selective PPARγ agonist with an EC50 of 23 nmol/l, and
GW2313 is a selective PPARα agonist with an EC50 of
38 nmol/l, which suggested our assay procedure is valid.
T33 showed slightly higher activation potential on PPARγ
with an EC50 of 19 nmol/l compared with rosiglitazone,
whereas it exhibited less potency on the activation of
PPARα with an EC50 of 148 nmol/l, compared with
GW2313. T33 was without effect on the activation of
human PPARδ, LXRα and RXRα. Therefore, we conclude
T33 is a dual PPARα/γ agonist.

PPARγ is highly expressed in adipose tissue [3–8, 23].
Several investigators have demonstrated glucose uptake and
glucose transporter levels are enhanced in 3T3-L1 and 3T3-
F442A adipocytes treated with a variety of TZDs [24–26].
However, most of these studies were performed during
fibroblast differentiation into adipocytes, and it is unclear
whether the increase in glucose uptake is due to augmented
differentiation, or a direct effect on fully differentiated
adipocytes, which were more relevant to the therapeutic
situation. Therefore, in the present study, we evaluated the
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effect of T33 on glucose uptake in differentiated 3T3-L1
adipocytes to eliminate confounding direct effects of T33
on the adipogenic process. T33 enhanced basal and insulin-
stimulated glucose uptake after long-term treatment
(4 days), whereas no effect was observed after short-term
treatment (6 h). Rosiglitazone also exhibited a positive
effect on glucose uptake after long-term, but not short-term

treatment, which is similar to previous reports [27]. Since
glucose uptake is a rate-limiting step in glucose metabo-
lism, the positive effect of T33 on glucose uptake suggests
this compound has an insulin-sensitising effect primarily in
adipose tissues.

In even the most obese patients or animals, the disposal
of glucose in adipose tissue is only a small fraction of
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whole-body glucose utilisation [4, 5]. Glucose uptake into
skeletal muscle is the major component of whole-body
insulin-stimulated glucose uptake, and also a key site of
insulin resistance in type 2 diabetes mellitus. Since
production of PPARγ in skeletal muscles is comparatively
lower than that in adipose tissue, whether PPARγ agonists
act directly in skeletal muscle or indirectly at the level of
adipose tissue is unclear. Troglitazone stimulates glucose
uptake in L6 mytotubes [28], indicating this PPARγ agonist
has a direct effect on skeletal muscle. Another study
showed the lack of a direct effect on skeletal muscle after
a 5-h in vitro TZD treatment, which suggested that the
improved skeletal muscle insulin sensitivity might be due to
an indirect in vivo effect of PPARγ activation [13]. We
determined the effect of T33 on glucose uptake in L6
myotubes to evaluate whether there was a direct or indirect
effect of T33 on glucose metabolism in skeletal muscle.
Glucose uptake was also determined in isolated soleus
muscle from T33-treated ob/ob mice to elucidate whether
T33 has an in vivo ability to enhance glucose homeostasis.
A 4-day treatment of L6 myotubes with T33 did not alter
basal or insulin-stimulated glucose uptake, indicating T33
does not have a direct effect in the cultured skeletal muscle.
In ob/ob mice, a 20-day treatment with T33 normalised
basal and insulin-stimulated glucose uptake in soleus
muscles. T33 could improve insulin sensitivity in skeletal
muscle, although this effect is probably via indirect
mechanisms, presumably at the level of adipose tissue.

GLUT4 (also known as SLC2A4) has been shown to
exist exclusively in insulin-sensitive tissue such as skeletal
muscle and adipose tissue, and is one of the major proteins
responsible for insulin-stimulated whole-body glucose
uptake. In skeletal muscle, insulin and exercise indepen-
dently increase glucose uptake via GLUT4 translocation to
the plasma membrane [29]. Insulin-mediated glucose
uptake involves activation of the phosphatidylinositol
3-kinase (PI3-kinase) pathway and to lesser degree,
members of the MAPK pathway, whereas exercise-stimu-
lated glucose transport is mediated by AMPK. Therefore,
the effect of T33 on phosphorylation of Akt, p38MAPK
and AMPK was determined in adipocytes and skeletal
muscles to illuminate mechanisms underlying the enhanced
glucose uptake. In 3T3-L1 adipocytes, Akt phosphoryla-
tion was increased after 4 days of treatment with T33,
whereas phosphorylation of p38MAPK and AMPK was
unaltered. The canonical insulin-signalling pathway in-
volving PI3-kinase might be involved in mechanisms by
which T33 stimulates glucose uptake in mature adipocytes.
In EDL muscle of ob/ob mice, the phosphorylation of Akt
and p38MAPK under basal and insulin-stimulated states
was decreased as compared with lean mice, suggesting
that insulin signal transduction was impaired. This finding
is consistent with the insulin-resistant phenotype described

for the ob/ob mouse model [22]. Twenty days of treatment
with T33 enhanced phosphorylation of Akt and
p38MAPK in skeletal muscle from ob/ob mice. Interest-
ingly, rosiglitazone showed similar effects. In contrast,
AMPK phosphorylation was unaltered in skeletal muscle
of lean, T33-treated and untreated ob/ob mice. In vivo T33
treatment normalised impairments in insulin signalling.
Furthermore, the insulin signalling appears to promote
skeletal muscle glucose uptake, whereas AMPK signalling
was dispensable.

T33 treatment improved the lipid profile and enhanced
insulin sensitivity in diet-induced obese mice. When
compared with the same dose of rosiglitazone, T33 elicited
a similar blood glucose-lowering effect in DIO mice. T33
was more efficacious than rosiglitazone in reducing the
serum triacylglycerol level and improving lipid tolerance
in DIO mice. Since PPARα agonists have an insulin-
sensitising effect independently of PPARγ activity [30,
31], the insulin-sensitising effect of T33, a PPARα/γ
agonist, in DIO mice might be attributed to the combined
activation of both PPARα and PPARγ in response to
treatment with this compound. By virtue of its dual
PPARα- and PPARγ-activating properties, T33 had a
better effect than rosiglitazone on improving the lipid
profile and insulin sensitivity in ob/ob and insulin-resistant
DIO mice. Thus, PPARα/γ dual agonists may be more
beneficial than PPARγ agonists in the treatment of
metabolism disorders such as type 2 diabetes.

In summary, T33 is a new non-thiazolidinedione
PPARα/γ dual agonist which increases basal and insulin-
stimulated glucose uptake in 3T3-L1 adipocytes. T33 also
improves whole-body insulin sensitivity and skeletal
muscle glucose uptake, although this effect is indirect.
Insulin-dependent signalling pathways may mediate T33-
induced glucose uptake.
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